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 Abstract 
 
When water vapour condenses at a sub-atmospheric pressure, the pressure drop may be a 
significant fraction of the absolute pressure. Furthermore the pressure drop in a condenser 
passage also reduces the absolute vapour temperature and therefore affects the heat transfer 
capacity of a condenser. 
 
For a tubular heat exchanger the pressure loss in the heat exchanger tubes can be minimized 
by the use of contoured or rounded inlet sections at the inlets of the tubes instead of using a 
sudden contracting inlet section or a protruding inlet section for the tubes. 
 
The pressure loss characteristics of different inlet sections to the tubes were obtained through 
a literature survey of the pressure loss coefficients. The pressure loss at the inlet sections were 
also investigated with computational fluid dynamics, using the Star-CD software system. The 
flow regimes for which the pressure loss was investigated were for the laminar incompressible 
and turbulent incompressible flow regimes. The inlet sections investigated were a sudden 
contraction and two rounded inlet sections with a rounding radius of 52% and 105% of the 
tube diameter respectively. 
 
The computational fluid dynamics results of the laminar flow simulations revealed that the 
pressure loss coefficients of the sudden contraction and rounded inlet sections were very 
similar. The pressure loss coefficient of the sudden contraction inlet sections only being 3 to 
6% higher than the rounded inlet sections. This is due to the dominant effect of viscosity in 
the laminar flow regime. The viscosity reduces the extent of flow contraction occurring since 
transverse momentum is damped by the viscous dissipation. The dominant pressure loss 
mechanism in the laminar flow regime is hydrodynamic flow development. With 
hydrodynamic flow development the flow velocity profile changes from a uniform velocity 
profile before the inlet section into a pointed parabolic profile downstream in the tube. 
 
The turbulent flow simulation results revealed that the pressure loss coefficients of the 
rounded inlet sections investigated in this study were very similar. The pressure loss 
coefficient of the sudden contracting inlet section was higher than the rounded inlet sections’ 
pressure loss coefficient. 
 
The results indicated that rounded tubular inlet sections would be of limited value in the 
laminar flow regime; it would however be beneficial in the turbulent flow regime. 
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Preface 
 
This research originated from a concern regarding the pressure losses at the tubular inlet section of 
a tubular water vapour condenser. The reason for the concern was that when water vapour 
condenses at sub-atmospheric pressure the pressure drops may be a significant part of the absolute 
pressure. Also the pressure drops in a condenser passage reduce the absolute vapour temperature 
and therefore affect the heat transfer capacity of the condenser. 
 
The pressure loss characteristics at the tubular inlets were investigated with existing pressure loss 
coefficients found in literature. The different pressure loss coefficients quoted in literature are also 
compared in the appendices.  
 
A one dimensional axisymmetric flow analysis was done for the tubular inlet sections to get a first 
order approximation of the velocity and pressure gradients in the different types of tubular inlet 
sections. It revealed that the elliptically profiled inlet section had very favourable one dimensional 
velocity and pressure gradients. The rounded inlet section also had very favourable one 
dimensional velocity and pressure gradient. 
 
An analytical pressure loss correlation exists for predicting the pressure loss for a sudden 
contracting inlet section. The method used by some authors to predict the pressure losses 
analytically is to use the vena contracta and the theory of a sudden expansion (also called Borda-
Carnot analysis or the momentum impulse consideration). However upon investigating the 
pressure loss prediction theories a different pressure loss prediction correlation for sudden 
contracting inlet sections is proposed by the author. The pressure loss correlation is based on the 
effective flow area of the contracted flow stream. 
 
Three different inlet sections were investigated with computational fluid mechanics regarding their 
pressure loss characteristics. A two dimensional axisymmetric flow model bounded by symmetry 
planes was generated to represent the flow passage. The flow simulations were done for the 
laminar incompressible and turbulent incompressible flow regimes. 
 
Experimental verification of the pressure loss predictions were not done in this study. However, 
the experimental techniques for determining the pressure loss coefficient were discussed in 
Appendix D. 
 
The results of the pressure losses obtained from the empirical pressure loss coefficients and the 
computational fluid dynamics analysis were compared. The computational fluid dynamics 
simulations of the laminar flow regimes correlated closely to the pressure loss values stated in 
literature. 
 
Appendix A is a literature survey of quoted pressure loss coefficients. It revealed some scatter for 
the pressure loss coefficients quoted. 
 
Appendix B derivation are done of inlet sections’ radius vs. distance for different geometric and 
flow parameters. 
 
Appendix C contains the computational fluid dynamics (Star-CD) input files (also called a script). 
 
Appendix D contains experimental methods obtained from literature to determine the pressure loss 
coefficient of an inlet section. 
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1 Introduction 
1.1 Project background 
This research formed part of a research project initiated at the University of Pretoria for the 
development of an evaporative desalinator. A desalinator is a water treatment device that can 
consume a combination of electrical, mechanical and thermal energy to process a saline water 
stream (or sea water) into a concentrated brine stream and a fresh water stream. A mechanical 
vapour compressor desalinator (VCD) uses the heat obtained from the compression of water 
vapour to drive a distillation process. 
 
The desalination project was funded by Sasol, a large chemical and industrial firm, and the 
project leader was Dr TB Scheffler of the University of Pretoria. The Rand Afrikaans 
University Department of Mechanical Engineering was approached to calculate the flow 
resistance of the tubular inlet section to the condenser tubes of the desalinator. The difference 
of the pressure loss characteristics between rounded and non-rounded tubular inlet sections 
were to be specifically investigated. 
 
The pressure drop in a condenser which condenses water vapour at sub-atmospheric pressures 
is important because the pressure drops may be a significant fraction of the absolute vapour 
pressure. Furthermore, due to the pressure drops there is a drop in the absolute water vapour 
temperature that affects the heat transfer capacity and distillation rate of the condenser.  
 
Because pressure drops impacts on the amount of compressor work required to produce a 
specified pressure and flow rate, the benefits of the minimization of pressure drop in a 
condenser are two fold. Firstly it optimizes the heat transfer capacity and thus distillation rate 
in the condenser. Secondly, it minimizes of the specific energy requirement for producing the 
distillate. 
 
The variation of the water vapour’s saturation temperature with absolute pressure is shown in 
Figure 1. 
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Figure 1 Saturation temperature of water vapour vs. absolute pressure 
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Figure 2 shows the influence of pressure drop on water vapour with an initial saturation 
temperature of 50ºC. 
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Figure 2 Change of water vapour’s saturation temperature vs. pressure drop 
 
One of the methods that can be used to minimize some of the flow losses for a flow passage is 
to use contoured or rounded inlet sections. Therefore the project leader Dr Scheffler opted to 
use machined inlet sections which had rounded inlet sections for the tubes. It is these 
machined rounded inlet sections which will be investigated in this study. 
 
A specific feature of the desalinator researched by the University of Pretoria is that it will 
employ a polymer (or plastic) heat exchanger. This polymer heat exchanger is of the shell and 
tube configuration. The polymer heat exchanger tubing is made from 15 – 50 micron 
polyolefin (plastic) film. The motivation behind the use of polymers as heat conduction 
material is firstly that polymers are chemically much more resistant to corrosive hot saline 
water. And secondly of much lower cost than conventional metallic materials such as titanium 
and cupro-nickel (CuNi) used as heat conduction material in thermal desalination. Polyolefins  
such as high density polyethylene (HDPE) or polypropylene (PP) have better corrosion 
resistance than the cupro-nickel or titanium used as heat transfer surfaces of conventional 
multi-effect (ME) or multistage flash (MSF) desalinators [6]. 
 
Depending on the wall thickness of the polymer heat exchanger tubing and polymer material 
used, it is estimated that the overall heat transfer coefficient (U value) ranges from 60 – 105% 
to that of conventional (0.6 – 1mm thick) titanium or CuNi tubing. As polymer material cost 
per unit area is approximately 100 times lower than that of metallic materials such as 
titanium, it permits the economic use of a much larger polymer heat transfer area and thus 
thermal conductance. With an increased thermal conductance the same heat transfer rate can 
be maintained with a smaller temperature differential. This smaller temperature differential 
implies a lower pressure that has to be supplied by a compressor and thus reducing the 
specific energy required for the compression of water vapour. This low temperature and 
pressure differential would make a condenser’s heat transfer capacity even more sensitive to 
pressure loss. Hence the need for the use of optimal flow geometries with minimal pressure 
loss characteristics. 
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It should be noted that the significance of the inlet pressure loss on a flow system’s total 
pressure loss depends on the flow system’s total pressure loss coefficient. The inlet section 
forms but only a part of the flow system. The higher the total pressure loss coefficient of a 
flow system the smaller the significance of the inlet section’s pressure loss on the system 
pressure loss.  
 
The significance of the inlet section pressure loss coefficient on the discharge coefficient of a 
flow system can be calculated by using the relation between the coefficient of discharge (Cd) 
and the pressure loss coefficient (K). This relation is stated in [13] as: 
 
2
1 1
1
1
1
1
d
d
d
K
C
C
K
C
K
= −
= +
∴ = +∑
         (1.1.1) 
 
By using equation (1.1.1), the coefficient of discharge for a system with a sudden contracting 
inlet section can be defined as: 
 
( )system with sudden contracting inlet
system minus inlet sudden contracting inlet
1
1d
C
K K
= + +    (1.1.2) 
 
And for a system with a contoured (or rounded) inlet section: 
 
( )system with contoured inlet
system minus inlet contoured inlet
1
1d
C
K K
= + +     (1.1.3) 
 
The inlet section pressure loss coefficients as obtained from [1] for a sudden contracting inlet 
section is K= 0.5 and the contoured inlet section’s pressure loss coefficient is K = 0.03 (where 
K = 0.03 for a well rounded inlet section). 
 
The following figure, Figure 3, shows the variation of the discharge coefficient vs. system’s 
pressure loss coefficient minus the inlet pressure loss coefficient, for a system with a well 
rounded inlet section, and for a system with a sudden contracting inlet section. 
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Figure 3 Cd vs. system’s pressure loss coefficient excluding inlet section 
 
Figure 3 clearly shows how the significance of the inlet resistance coefficient diminishes as 
the system pressure loss coefficient increases. 
 
The change in a flow system’s discharge coefficient by using a contoured inlet section (which 
has a low pressure loss coefficient) compared to a flow system with a sudden contracting inlet 
section will be defined as: 
 
( ) ( )
( )
system with contoured inlet system with sudden contracting inlet
system with sudden contracting inlet
system minus inlet contoured inlet system minus inlet sudden contracting inlet
s
1 1
1 1
1
1
d d
d
C C
C
K K K K
K
−
−+ + + +=
+ ystem minus inlet sudden contracting inletK+
  (1.1.4) 
 
Using equation (1.1.4) the improvement of the flow system’s coefficient of discharge due to 
the use of a contoured (or rounded) inlet section instead of a sudden contracting inlet section 
is shown in the following figure, Figure 4. 
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Figure 4 Improvement of Cd due to a rounded instead of a sudden contracting inlet 
Figure 4 shows that the significance of the improvement of the coefficient of discharge 
reduces as the system pressure loss coefficient increases. 
 
If for example if a flow system were to consist of sudden contracting inlet section followed by 
a hydraulically smooth tube section with an inner diameter of 18 mm and length of 2 m, the 
pressure loss coefficient of the tube section would be [10]: 
 
tube
LK f
D
=           (1.1.5) 
 
If the flow rate though the tube were to correspond to a Reynolds number of 104, the friction 
factor of the tube (f) would approximately be 0.03 [10], and the pressure loss of the tube 
would then be [10]: 
 
tube
2m 0.03 3.33
0.018m
LK f
D
= ≅ ⋅ =  
 
According to Figure 4 there would then be an approximate improvement of 5% of the systems 
discharge coefficient if a contoured inlet section is used instead of a sudden contracting inlet 
section. 
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1.2 Problem statement 
 
In a low temperature differential polymer heat exchanger in which water vapour condenses at 
a sub-atmospheric pressure, the pressure loss may be a significant fraction of the absolute 
pressure. The pressure drop in a condenser passage reduces the absolute vapour temperature 
and therefore affects the heat transfer capacity of the condenser. Since the heat transfer 
capacity and therefore distillation rate in a condenser is affected by pressure drops it is 
important to know the pressure drops in the condenser passage. 
 
From literature it is known that the pressure loss of a tubular inlet sections can be minimized 
by using rounded or contoured inlet section instead of a sudden contracting or protruding inlet 
section. Therefore the pressure loss for the various types of tubular inlet sections should be 
investigated and compared regarding their pressure loss characteristics. 
 
The pressure loss can be investigated using existing pressure loss coefficients as found in 
literature, or through computational fluid dynamics or from experimental results. Only 
existing pressure loss coefficients as found in literature, and the results of a computational 
fluid dynamics simulation will be used in this study. 
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1.3 Literature review 
 
When a fluid flows frictionless through a converging flow passage and the condition of 
continuity in the fluid flow holds, as shown in Figure 5, the Bernoulli equation applies [12]. 
 
 
Figure 5 Flow through a converging section 
 
The Bernoulli equation obtained from [10] is: 
 
2 2
1 1 2 2
1 22 2
p u p ugH gHρ ρ+ + = + +        (1.3.1) 
 
For one dimensional incompressible flow the continuity equation is [10]: 
 
2 2 1 2
1
2 1
2
V u A u A
Au u
A
= =
∴ =
&
         (1.3.2) 
 
Substituting (1.3.2) into (1.3.1) and setting H1 = H2, the Bernoulli equation reduces to [10]: 
 
22
1 1
1 2
2
1
2
u Ap p
A
ρ ⎡ ⎤⎛ ⎞⎢ ⎥− = −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
        (1.3.3.a) 
or 
22
2 2
1 2
1
1
2
u Ap p
A
ρ ⎡ ⎤⎛ ⎞⎢ ⎥− = −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
        (1.3.3.b) 
 
These equations represent no pressure losses but only a pressure conversion. 
 
However, when a viscous fluid flows though a flow passage flow losses occur and therefore 
the Bernoulli equation no longer applies. The Bernoulli equation can however be amended to 
the revised or modified Bernoulli equation which includes a pressure loss term [10]. The 
modified Bernoulli equation is [10]: 
 
2 2
loss1 1 2 2
1 22 2
pp u p ugH gHρ ρ ρ+ + = + + +       (1.3.4) 
 
Flow 1 
2 
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The pressure loss coefficient (termed K) is defined according to [10] as the ratio of the 
pressure loss divided by the kinetic energy term:  
 
loss
2
2
1
2
pK
uρ
=           (1.3.5) 
 
The pressure loss coefficient can be obtained from various sources such as [1], [4], [8], [13] 
for various types of pipe fittings and tubular inlet sections. The pressure loss coefficient is 
based on the average velocity at a specific cross-section in the flow passage. The pressure loss 
coefficients quoted in literature for tube inlet sections were obtained either empirically, or 
through analytical correlations or from computational fluid mechanics simulations. The reader 
is referred to Appendix A for a comparison of the pressure loss coefficients quoted in 
literature. 
 
It is important that a distinction should be drawn between pressure drop and pressure loss. 
Pressure drop is the total change of the fluid’s static pressure between points 1 and 2, and 
includes both pressure conversion and pressure losses. Pressure loss is the loss of mechanical 
energy (or loss of total pressure) in the flow stream from point 1 to point 2, through viscous 
dissipation, inertial effects and compressibility effects of the fluid flow. Thus the pressure 
drop is found by adding the pressure loss to the pressure conversion due to a change in flow 
velocity. 
 
22
2 2
drop 1 2 loss
1
1
2
u Ap p p p
A
ρ ⎡ ⎤⎛ ⎞⎢ ⎥= − = − +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
      (1.3.6) 
 
A review of various sources dealing with pressure loss and pressure loss coefficients of inlet 
sections will now be provided. 
 
In the book by Idelchik [1] an extensive review is given of the hydraulic resistance 
coefficients as obtained from various authors. The following extracts have been taken from 
the book. 
 
The values of the local resistance quoted include not only the local pressure drop over a short 
segment adjacent to a pipe element of variable area configuration, but also the pressure 
downstream of this element. This is done to account for the losses occurred during the 
hydrodynamic flow development in the straight tube section (also called the energy of 
transformation) [1]. 
 
The values of the local resistance coefficients given in the Handbook of Hydraulic Resistance 
[1] assume, except for special cases, a uniform velocity distribution in the inlet section of the 
component. Such conditions are usually observed following a smooth inlet nozzle. 
 
Unless otherwise noted, the values of the local resistance coefficient given in handbooks do 
not consider the effect of upstream fittings or impedances. This effect can result in an increase 
or decrease of the local pressure loss coefficient for a given component. At this time, no 
reliable general method exists for taking the effect of upstream conditions into account [1]. 
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In the general case, the pressure drop can be expressed as the sum of two terms, which are 
proportional to the first and second powers of the velocity [1]: 
 
2
1 2p k u k uΔ = +          (1.3.7) 
 
Correspondingly, the resistance coefficient is according to [1]: 
 
3 qu
2
Constant
1 Re
2
pK k K
uρ
Δ= = +        (1.3.8) 
 
where quK  is taken as K for the region of the square law of the resistance (also called the 
similarity region, where Re ≥ 104, assuming the flow is turbulent and incompressible). At very 
low Reynolds number (Re ≤ 25), the second term of the first equation can be neglected, while 
at very large Reynolds numbers one can neglect the first term of the expression. With 25 ≤ Re 
≤ 105, the proportionality factor 3k  can be higher than, or less than unity [1]. 
 
In practice, the effect of Reynolds number on the local resistance is mainly evident at its small 
values (Re ≤ 105). When Re ≥ 105 to 2 × 105, the local resistance coefficient may nearly 
always be assumed independent of the value of Reynolds number. However in the case of a 
purely laminar flow when Re < 2 × 103, these data can be used only for a rough estimate of 
the resistance [1]. 
 
Most values of the resistance coefficients given in sources, except when specified otherwise, 
were obtained at Mach numbers smaller than 0.3. However, nearly all of the flow resistance 
values may be used for higher subsonic values up to about Mach 0.7 or 0.8 according to [1]. 
 
Most of the values of the resistance coefficients were obtained for commercial smooth pipe or 
channel walls. Because the effect of roughness on the local flow resistance has not been 
studied extensively, the walls of fittings and other flow components considered should be 
considered smooth unless otherwise specified. The effect of roughness, which begin to 
manifest itself only at Re ≥ 4 × 104, may be approximated by multiplying the flow resistance 
coefficient by a factor of 1.1 – 1.2 (higher for large roughness) according to [1]. 
 
The hydraulic resistance coefficients are independent of the kind of fluid (If it is 
homogeneous and incompressible) flowing through a pipe system and are mainly governed by 
the geometry of the network element considered and, in some cases, by the flow regime 
(Reynolds and Mach number) [1]. The data of the pressure loss coefficients given in [1] apply 
equally well for the calculation of the resistance (termed press loss coefficient in this study) of 
purely hydraulic lines and for the calculation of gas, air, in various networks and equipment 
installations [1]. 
 
Lastly in the design of new fluid flow systems one should choose optimum shapes and 
parameters that would yield minimum values of the flow resistance coefficients [1]. 
 
Entrance losses are highly dependent upon entrance geometry [2]. Sharp edges or protrusions 
in the entrance cause large zones of flow separation and losses [2]. A little rounding goes a 
long way, and a well rounded entrance, where the rounding radius is at least 20% of the 
diameter, has a nearly negligible loss of K = ± 0.05 (for turbulent flow, Re > 104) [2]. This 
value of the inlet resistance is comparable to the friction (K) value of a straight circular tube 
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section with a similar length as the inlet section’s transition length. Using the Darcy-
Weisbach correlation for a hydraulically smooth tube in the turbulent flow regime (Re = 104), 
the flow resistance for a short tube section according to [10] is: 
 
0.03 0.03L DK f
D D
= ≈ ⋅ =         (1.3.9) 
 
In a paper by Kays [3] a theory is presented for evaluating the pressure loss coefficients of the 
inlet sections of both single and multiple tube systems for various contraction and expansion 
geometries. The analysis takes into account the contraction and expansion area ratio and the 
velocity distributions. Results of experiments for the Reynolds number range 500 to 20×103 
are presented which compare well with the analysis. The paper makes the following relevant 
comment: “For most pipeline problems, the pressure losses at abrupt changes in flow cross-
section are minor relative to the skin friction losses. Therefore any question as to the validity 
of the idealizations involved in the Borda-Carnot analysis, or from the inconsistency of the 
data on the pressure loss coefficient of the inlet, is of minor importance. However, in testing 
for the flow friction characteristics of compact heat exchanger surfaces, concurrent with heat 
transfer tests, the entrance and exit losses may become a significant proportion of the total 
pressure drop.” The article furthermore found that the pressure loss correlations of single tube 
inlet sections also holds for multiple tube inlet sections based on the same area contraction 
ratio. 
 
In the book of Blevins [4] various pressure loss coefficients are listed for different flow 
regimes. Importantly a technique for minimizing the flow losses at joining and dividing flows 
(as would be found with multiple tube inlet and outlet sections) is mentioned: “The minimum 
energy loss in joining or dividing flow can be achieved by ensuring that the fluid streams have 
the same speed and direction (i.e., the same velocity vector) at the point of union or 
separation. This can be approximately achieved in practice through carefully contoured and 
sized inlet or exit nozzles coupled to curved pipe sections at the junction. However, the 
performance of contoured junctions generally does not justify their high construction cost 
except in certain large scale hydroelectric applications. In most junctions the fluid streams 
meet abruptly at different angles and speeds, and the energy losses are comparable to the 
dynamic pressure of the common stream. However, even these losses can be minimized by 
use of a conical transition piece or by rounding the internal edges of the junction.” 
 
In the textbook of Cheremisinoff [9] important statements are made regarding the difference 
of the pressure loss characteristics of the turbulent and laminar flow regimes. 
a) “In the turbulent flow regime where the fluid flows (incompressible) though a gradual 
contraction, head losses are insignificant (especially for a smooth contracting surface 
and large Reynolds numbers). The pressure loss coefficient of the inlet section may be 
set to a value of K = 0.05, independent of the area contraction ratio, provided that the 
flow is turbulent in the narrow cross section.” 
b) “If the flow in the tube section following a contraction is laminar, even when the 
resistance is small (such as found with a rounded inlet section), an unusual pressure 
decrease occurs that does not correspond to Poiseuille’s law for fully developed 
laminar flow. This decrease occurs over a length equivalent to 0.065 ReD (the 
entrance region of a pipe). The excess pressure losses are attributable to the 
hydrodynamic flow development in the entrance region.” 
 
In a paper presented by Chen [5], the pressure losses in the hydrodynamic entrance region for 
laminar flow was predicted by using the center-line velocity development. In this work the 
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momentum integral method is applied to the flow of a Newtonian fluid in a circular tube 
without the use of boundary layer assumptions. By including the axial molecular transport of 
momentum and the variation of pressure across the flow, it is possible to study the effects of 
Reynolds number on the flow. Approximate solutions in closed form for the center-line 
velocity development and the average axial pressure drop were also presented. 
 
The paper of Chen [5] derived that the entrance length (L’ ) for laminar flow, which is defined 
as the distance along the axis where the centre-line velocity reaches 99% of its fully 
developed value, to be 
 
0.72 0.061Re      for tube flow
0.42Re 1
L
D
′ = ++       (1.3.10) 
 
The paper [5] mentioned that laminar flow only becomes fully developed at an infinite axial 
distance; therefore calculations for the excess pressure loss coefficient were done where the 
centre-line velocity reaches 99% of its fully developed value. 
 
The paper [5] found that the excess pressure drop in the laminar flow regime is clearly 
dependent on the Reynolds number and the tube length as shown in Figure 6. 
 
 
Figure 6 Excess pressure loss at high Reynolds numbers in the tube [5] 
 
where 
K  is the excess pressure loss coefficient attributable to the inlet section and 
hydrodynamic flow development in the laminar flow regime 
L/D is the (distance from inlet plane)/(diameter of tube) 
Re is the Reynolds number in the tube. 
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The total excess pressure drop ( K∞ ) according to [5], where the center-line velocity has 
reached 99% of its fully developed value can be expressed as 
 
381.2     for tube flows
Re
K∞ = +        (1.3.11) 
 
The paper [5] mentioned that when a gas is flowing in a tube of relatively low pressure levels, 
the pressure drop along the tube may be a significant fraction of the absolute pressure. This 
remark is important when investigating low pressure condensing systems. 
 
The literature review revealed that the pressure loss attributable to the inlet section is a well 
researched topic. Many pressure loss coefficients have been quoted and the reader is referred 
to Appendix A for a comparison of the various coefficients quoted. 
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1.4 Research objectives 
 
The research objectives for this study will be as follow: 
 
• It will be attempted to confirm that the pressure loss coefficient of an inlet section in 
the laminar flow regime is predominantly influenced by hydrodynamic development 
downstream of the inlet section. 
• In the turbulent flow regime it will be attempted to confirm that the pressure loss 
coefficient of tubular inlet sections is dependent on the inlet section geometry. 
• Furthermore it will be shown that the low flow resistance of contoured inlet sections 
such as rounded inlet sections are due to lower transverse velocity components in the 
flow stream compared to sudden contracting inlet sections. 
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2 Methods used in this research 
The analysis techniques used to investigate the pressure losses at the inlet section of a tube is: 
• Control volume analysis, using existing pressure loss coefficients 
• One dimensional incompressible flow analysis for different inlet section 
• Differential analysis, approximated with computational fluid dynamics 
 
The control volume analysis produces answers of reasonable accuracy if applied correctly 
[10]. 
 
The one dimensional incompressible analysis is used in this study to give a first order 
theoretical basis of comparison. 
 
The computational fluid dynamics (CFD) simulation can give a discrete solution of the flow 
field and can visualize the flow fields ‘vena contracta’ and zones of recirculation. It also 
calculates flow field information that would be difficult to measure experimentally. 
 
An experiment can be done to verify the results of the control volume and CFD analysis. This 
was however not done. 
 
The different analysis techniques will now be briefly discussed.  
2.1 Control volume analysis 
The pressure loss coefficient is defined as the ratio of the total energy (power) lost over the 
given segment to the kinetic energy (per time unit) [1], [7]: 
 
( )0 loss 01 02
2 21 1
1 12 2
p p pK
u uρ ρ
Δ −= =         (2.1.1) 
 
Subscript 2 refers to exit and subscript 1 to the inlet section of the flow passage. The 
subscripts 01 and 02 indicate the stagnation pressure conditions. 
 
According to [7] the stagnation pressure loss for a perfect gas represents an entropy increase, 
 
( )
( ) ( )0 loss 01 02 012 2 21 1 11 12 2 12Gas constant
p p p psK
u u uρ ρ ρ
Δ − Δ= = =      (2.1.2) 
 
where Δs = entropy change 
 
The local resistance coefficient denoted as K, is mainly a function of the geometric parameters 
of the pipe element considered and also of some general factors of motion, which include 
according to [1] and [8]:  
• The velocity distribution at the entrance of the flow conduit (pipe or tube) element 
considered; this velocity profile in turn, depends on the flow regime, the shape of the 
inlet, the shape of the various fittings and obstacles, and their distance upstream from 
the element considered, as well as the length of the preceding straight pipe; 
• The Reynolds number; and 
• The Mach number 
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For this study however a uniform velocity profile at the inlet will be assumed and the flow 
will be taken as incompressible and subsonic. 
 
Taking the control volume about the tube inlets sections the pressure loss (also called the 
mechanical energy loss by [1]) is: 
 
21
loss inlet 2p K uρ=          (2.1.3) 
 
The velocity can be expressed as function of the Reynolds number (Re), where the Reynolds 
number is based on the tube diameter [10]. 
 
ReDu
D
ν=           (2.1.4) 
 
Now substituting equation (2.1.3) into (2.1.4), the pressure loss expressed as function of the 
Reynolds number is: 
 
2
1
loss inlet 2
Rep K
D
νρ ⎛ ⎞= ⎜ ⎟⎝ ⎠         (2.1.5) 
 
The flow regimes of a fluid can be laminar, transition or turbulent. It is important to note that 
the pressure loss coefficients are different for the different flow regimes. 
 
In the laminar flow regime, the flow is stable, the stream layers move without mixing with 
each other and flow smoothly past any obstacles in their way. The turbulent flow regime is 
characterized by a random displacement of finite masses of liquid or gas which mix strongly 
with each other [1]. 
 
For laminar flow, the pressure loss coefficient is a function of the Reynolds number, and the 
pressure losses vary with the first power of the velocity [1]. 
 
With a rounded entrance as shown in Figure 7, and laminar flow conditions, the velocity 
distribution following a rounded entrance (section 1-1) is approximately uniform. Then down 
stream of the rounded entrance the velocity profile develops hydro dynamically into a 
parabolic shaped profile (section 2-2) [10]. 
 
Figure 7 Hydrodynamic flow development at a tubular inlet section [10] 
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A subsequent change of the velocity profile (from a plug into a parabolic profile) is 
accompanied by irreversible pressure losses (called the energy of transformation) [1]. 
 
According to the law of conservation of energy, the liquid (or gas) flow per unit time passing 
through a flow passage is equal to the energy of the liquid (or gas) flow per unit time plus the 
thermal and mechanical energy dissipated along the flow passage [1]. 
 
In the general case of an inelastic (liquid) and elastic (gas) flow with nonuniform transverse 
velocity and pressure distribution (assuming no heat transfer and shaft work over the given 
segment), the corresponding energy equation will have the form [1]: 
 
1 2
2 2
tot  2 2A A
u up g H U u dA p g H U u dA Nρ ρρ ρ ρ ρ⎛ ⎞ ⎛ ⎞+ + + = + + + + Δ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠∫ ∫   (2.1.6) 
 
where H is the geometric height of the centroid of the corresponding section, in m, p is the 
static pressure (absolute) at the point of the corresponding section, in Pa, U is the internal 
specific heat energy of the gas flow (which a frictionless flow would have had), in J/kg; and 
ΔNtot is the total power lost over the segment between sections 1-1 and 2-2, which 
characterizes the value of the mechanical energy dissipated into heat. 
 
In most practical cases, the static energy pressure p in straight-line flow is constant across the 
flow, even when the velocity distribution is greatly nonuniform. The variation of density over 
the cross section due to varying velocities can be then neglected (if the Mach number is 
smaller than 1.0) [1]. Therefore, we can amend equation (2.1.6) to: 
 
( ) ( )
1 2
3 3
1 1 1 1 1 1 1 2 2 2
2 2 2 2 tot
2 2A A
u ug p uA dA U u A g p uA dA
U u A N
ρ ρρ ρ ρ
ρ
+ + + = + +
+ + Δ
∫ ∫    (2.1.7) 
 
Using the relations of equation (2.1.7), the change in the flow stream’s kinetic energy due to 
the nonuniform velocity distribution is:  
 
( ) ( )
2 1
3 3
kinetic energy of section 2-2 kinetic energy of section 1-1
2 2A A
u udA dAρ ρ
−
= −∫ ∫    (2.1.8) 
 
The kinetic energy coefficients (also called the Coriolis coefficients [1]) characterize the 
nonuniformity of the kinetic energy and velocity distribution of a section. It is defined 
according to [1] as: 
 
31
A
uN dA
A u
⎛ ⎞= ⎜ ⎟⎝ ⎠∫          (2.1.9) 
 
Where u  denotes the average velocity over the section. 
 
Using the definition of equation (2.1.9) on equation (2.1.8): 
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2 2
2 1
2 2 2 1 1 1
kinetic energy of section 2-2 kinetic energy of section 1-1
2 2
u uN u A N u Aρ ρ
−
⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
    (2.1.10) 
 
For fully developed laminar flow in a circular pipe the velocity distribution over the pipe 
section is a paraboloidal surface of revolution [10], refer to section 2-2 of Figure 7. The radial 
velocity distribution can therefore be derived as: 
 
( )
2 2
centre of tube
tube tube
1 2 1r ru u u
r r
⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟= − = −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
     (2.1.11) 
 
Substituting equation (2.1.11) into (2.1.9), the kinetic energy coefficient of section 2-2 in 
Figure 7 is: 
 
2
tube
32
tube
2
2
32
2 0
tube tube
2 1
1
1 2 1 2
2
A
r
ru
r
N dA
A u
r rdr
r r
ππ
⎛ ⎞⎛ ⎞⎛ ⎞⎜ ⎟⎜ ⎟− ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠
⎛ ⎞⎛ ⎞⎛ ⎞⎜ ⎟⎜ ⎟= − ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠
=
∫
∫       (2.1.12) 
 
The velocity distribution of section 1-1 is approximately uniform and therefore N1 = 1. 
 
The change in the velocity profile can be accounted for with a pressure loss coefficient: 
 
change in velocity profile 2 1K N N= −         (2.1.13) 
 
However it should be remembered that additional loss occurred during the transformation of 
the velocity field [1], and therefore the pressure loss coefficient for the transition is: 
 
transition change in velocity profile additionalK K K= +       (2.1.14) 
 
For a circular tube the extra pressure loss in laminar flow due to a transition is 1.2ρu2/2, where 
the change in velocity profile from uniform to parabolic shaped results in a drop of 1.0 ρu2/2 
(since N2 = 2.0 for the parabolic profile and N1 = 1.0 for the uniform profile) and the rest is 
due to excess friction [18]. 
 
A different method of accounting for the laminar flow development in a tube was also 
investigated by other authors. Source [9] states: ‘If the flow in the contracted section is 
laminar, even when the resistance is small (such as with a rounded inlet), an unusual pressure 
decrease occurs that does not correspond to Poiseuille’s law. This decrease occurs over a 
length equivalent to 0.065 ReD (the entrance region of a pipe)’. The pressure gradient p1 – p2 
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for laminar flow at the entrance of a pipe of length L may be calculated from data obtained in 
[9] and shown in Table 1. 
 
Table 1  Estimated pressure loss for laminar flow at entrance region of a tube [9] 
ReL
D
⋅  0.005 0.01 0.02 0.03 0.04 0.05 0.06 
1 2
2
2
1
2
p p
uρ
−  
2.1 2.6 3.4 4.1 4.7 5.3 6.0 
 
According to Chen [5] the total excess pressure loss (inlet resistance) accounting for the 99% 
fully developed laminar flow in the hydrodynamic entrance region of a circular tube is: 
 
1.2 38 / Re   for Re  2000K∞ = + ≤        (2.1.10) 
 
The resistance coefficient in the transition and laminar regions can be calculated from the 
following approximate equation obtained from [1]: 
 
For Re 30 < Re < 104-105 
 
0Re quad 0Re quad2
1 1K K K Kφε εφ
⎛ ⎞= − + = +⎜ ⎟⎝ ⎠       (2.1.11) 
 
Where  
( )1 2 1Re, /K f A Aφ =  is the velocity coefficient of discharge, it accounts for the contraction of 
the flow area (vena contracta); 
( )0Re 2 Refε =  is the fluid jet area ratio.  
quadK  is the resistance coefficient of the inlet of given shape in the turbulent flow regime. 
 
The following pressure loss coefficients shown in Table 2 are suggested by [1] for the 
pressure loss analysis in the laminar and transitional flow regimes for a sudden contracting 
inlet section. Table 2 states the pressure loss coefficients variation for different area 
contraction ratios and Reynolds numbers in the tube. 
 
Table 2 K for a sudden contracting inlet in transition and flow laminar regime [1] 
Re in circular tube A2/A1 500 1000 2000 4000 5000 10000 > 10000 
0.1 0.82 0.64 0.50 0.80 0.75 0.50 0.45 
0.2 0.70 0.50 0.40 0.60 0.60 0.40 0.40 
0.3 0.60 0.44 0.30 0.55 0.55 0.35 0.35 
0.4 0.50 0.35 0.25 0.45 0.50 0.30 0.30 
0.5 0.42 0.30 0.20 0.40 0.42 0.25 0.25 
0.6 0.35 0.24 0.15 0.35 0.35 0.20 0.20 
 
Regarding pressure loss characteristics of fittings in the turbulent flow regime, the pressure 
loss coefficient is virtually independent of the Reynolds number, as long as the flow remains 
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in the subsonic incompressible regime [1]. It is however a function of the inlet geometry, the 
surface roughness, and the flow approach conditions [1]. Refer to Appendix A for a review of 
the pressure loss coefficients of inlet sections as found in literature. 
 
Table 3 shows the pressure loss coefficients for rounded inlet sections in a wall for the 
turbulent flow regime (Re > 104), as obtained from [1]. Table 3 indicates that the inlet section 
pressure loss coefficient reduces to a minimum value for an inlet rounding to tube diameter 
ratio (R/D) of greater than 0.2. 
 
Table 3 Inlet resistance coefficient of inlets with rounded edges, Re ≥ 104 [1] 
R/D 0 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.12 0.16 ≥0.2 
K 0.50 0.44 0.37 0.31 0.26 0.22 0.19 0.15 0.09 0.06 0.03 
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2.2 One dimensional incompressible flow analysis 
The incompressible one dimensional flow analysis gives a first order estimate of the flow 
field. It was done to provide a theoretical basis to compare the various contracting inlet 
sections regarding their one dimensional pressure and velocity distribution. 
 
If the flow through the inlet section of a tube is assumed to be axisymmetric without swirl, 
incompressible and at a steady state, then the flow field can be estimated with one-
dimensional flow relations [10] i.e. the flow would vary only with the cross-sectional flow 
area. If the cross-sectional flow area is stated as a function of the distance from the start of the 
flow area transition (x), then the one dimensional flow field can be calculated as a function of 
x. 
 
Figure 8 shows a cross-sectional view of a tubular inlet section. The inlet section is 
axisymmetric about the x-axis, and has transition length of L. The angle θ is the angle which 
the axisymmetric profile makes with the x-axis. R is the radius of curvature for a rounded inlet 
section ending tangent to the straight tube section. D is the circular tube’s diameter. 
 
 
Figure 8 Cross-sectional view of tubular inlet section for one dimensional analysis 
 
By evaluating the one dimensional velocity gradient (du/dx) through an inlet section, the 
momentum variation along the length of the inlet section can be assessed. 
 
By analysing the one dimensional pressure gradient (dp/dx) the potential for the breakaway of 
flow is assessed, since separation of flow may occur when there is a positive pressure gradient 
[10]. 
rstart 
x 
L 
rend 
θ 
R 
D 
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Steep velocity and pressure gradients close to the end of a contracting inlet section imply high 
transverse velocity components of the flow stream at that section. These transverse velocity 
components in the flow stream exert a momentum pressure on the flow stream that leads to a 
contraction of the flow stream called a vena contracta. The formation of a vena contracta 
coincides with a separation of the flow stream from the flow conduit. Flow separation is 
highly evident with a sudden contracting inlet section and is stated as the main contributor to 
the pressure loss [1]. 
 
The lower hydraulic resistance of a gradually contracting inlet sections compared to that of a 
sudden contracting inlet section, is mainly due to the more gradual velocity and pressure 
variation along the length of a contraction inlet section, as will be shown in this analysis. A 
more gradual velocity and pressure variation along the length of inlet section leads to a 
smaller magnitude of transverse velocity components. By reducing the magnitude of the 
transverse velocity component especially at the sections where the axial velocity is high, it is 
expected that the potential for the break away of flow will be minimized. Therefore design 
parameter of a uniform velocity gradient inlet section was investigated. 
 
Expanding flow transition sections such as diffusers described in the literature were also 
investigated by the author. It was found that diffusers with low pressure loss characteristics 
had a geometry shaped such that the rate of increase of the cross-sectional area is lower in the 
initial section than in the end section. This lower rate of cross-sectional area increase in the 
narrow section (where the axial flow velocity is high) allows the flow stream to gradually 
expand, and this gradual expansion reduces the potential for the break-away of flow due to 
inertia. The most advantageous geometry for a diffuser from this point of view would be a 
geometry that would have a constant pressure gradient along the length of the diffuser 
according to [1] and [11]. The same analogy of a constant pressure gradient along the length 
of an expanding flow transition can also be applied to a contracting flow passage to minimize 
flow losses. Therefore the analysis for a uniform pressure gradient inlet section was also done. 
 
After comparing the pressure gradient vs. distance plots of the elliptical and rounded inlet 
sections with the uniform pressure gradient inlet section; it was realized that the rounded and 
elliptical inlet sections had pressure gradient values that gradually approached zero towards 
the end of the contraction, refer to Figure 13. Therefore the special boundary condition of a 
uniform change in pressure gradient inlet section was investigated. 
 
Similarly it was found from the velocity gradient vs. distance plot that the rounded and 
elliptical inlet sections had velocity gradient values that that gradually approached zero 
toward the end of the contraction; refer to Figure 11. Therefore a uniform change of velocity 
gradient inlet section was also investigated. 
 
In the book of Blevins [4] a technique for minimizing the flow losses at joining and dividing 
flows (as would be found with multiple tube inlet and outlet sections) is mentioned: “The 
minimum energy loss in joining or dividing flow can be achieved by ensuring that the fluid 
streams have the same speed and direction (i.e., the same velocity vector) at the point of union 
or separation. This can be approximately achieved in practice through carefully contoured and 
sized inlet or exit nozzles coupled to curved pipe sections at the junction.” 
 
As a consequence of the above statement made in [4], the special boundary condition of a 
uniform change of the inlet sections profile tangent (tanθ) was done; refer to Figure 8 in 
which θ is defined. With this boundary condition the direction (tanθ) of the velocity vectors at 
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the wall of the inlet section would change linearly along the length of the transition, since tanθ 
changes linearly. It is hoped that with this boundary condition that the potential for break 
away of flow will be minimized. 
 
In summary the following types of contracting inlet sections will be analysed and compared 
regarding their cross-sectional profile (radius vs. distance), as well as velocity and pressure 
gradients vs. distance. 
• conical inlet section 
• rounded inlet section, R/D = 9.5/18 
• elliptical inlet section 
• uniform velocity gradient inlet section 
• uniform pressure gradient inlet section 
• uniform change of velocity gradient inlet section 
• uniform change of pressure gradient inlet section 
• uniform change of profile section’s tangent inlet section 
 
Because the flow is assumed to be one dimensional and incompressible, the one dimensional 
velocity at a flow cross section is: 
 
2
V Vu
A rπ= =
& &
          (2.2.1) 
 
The static pressure at a given cross section for one dimensional inviscid incompressible flow 
can be found using the Bernoulli equation [10]. With the Bernoulli equation pressure losses 
are excluded and therefore the total pressure remains constant though the flow passage. By 
setting the static pressure at the outlet plane to be zero, the total pressure is equal to the 
velocity pressure at the outlet plane. The centreline static pressure along the flow passage can 
be determined by subtracting the velocity pressure a section from the total pressure: 
 
( )2 2 22 4 41 1 1total end2 2 22 2
end
0
2
V V Vp p u r r
r r
ρρ ρ ρπ π π
− −⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎜ ⎟= − = + − = −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠
& & &
  (2.2.2) 
 
The velocity gradient along the length of the inlet section is: 
 
32du V dru r
dx dxπ
−∇ ⋅ = = − &         (2.2.3) 
 
The pressure gradient is: 
 
2 5
2
2dp V r drp
dx dx
ρ
π
−
∇ ⋅ = = ⋅&         (2.2.4) 
 
The transverse velocity component in the contracting inlet section due to the tangent is: 
 
tan V drv u
A dx
θ= = ⋅&          (2.2.5) 
 
The boundary conditions for the different contracting inlet sections are stated in Table 4. 
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Table 4 Differential equations and boundary conditions of inlet sections 
Inlet name Differential equations and boundary conditions 
Conical inlet 
section 
start end0
;    
x x L
r ax b
r r r r= =
= +
= =  
rounded inlet 
section, R/D = 
9.5/18 
( ) ( )2 2 2
start end0
0;    ;    
x x L
x L
x a r b R
dr r r r r
dx = ==
− + − =
= = =  
elliptical inlet 
section 
( ) ( )2 2
2 2
start end0
0
1 0
;   0;   ;   
x x L
x x L
x c r d
a b
dr dr r r r r
dx dx = == =
− −+ − =
= ∞ = = =
 
uniform velocity 
gradient inlet 
section 
2 20
0 start end
;   ;    
x x L
x x L
du V V V Va u u
dx A r A rπ π= == == = = = =
& & & &
 
uniform pressure 
gradient inlet 
section 
2 2
2 20
end start
1 1;    0;    
2 2x L x
dp V Va p p
dx r r
ρ ρπ π= =
⎛ ⎞ ⎛ ⎞= = = −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
& &
 
uniform change 
of velocity 
gradient inlet 
section 
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endstart
;    0;    ;    x Lx
x L
Vdu du V uax b u
rdx dx r ππ === == + = =
&&
 
uniform change 
of pressure 
gradient inlet 
section 
2 2
2 20
end start
1 1;   0;   ;   0
2 2 x Lxx L
dp dp V V pax b p
dx dx r r
ρ ρπ π ===
⎛ ⎞ ⎛ ⎞ == + = = −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
& &
uniform change 
of profile 
section’s tangent 
inlet section 
start end0
tan ;    0;    ;   
x x L
x L
dr drax b r r r r
dx dx
θ = =
=
= = + = = =  
Note: a, b, c, d, R and L are constants dependent on the boundary values. 
 
Refer to Appendix B for the derivation of the radius vs. distance equations for the different 
inlet sections. 
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Table 5 gives the equations for an inlet section’s radius vs. distance obtained from the 
relations of equations (2.1.1) to (2.1.5) and the boundary values as stated in Table 4. 
 
Table 5 Radius as function of distance from start of inlet section 
Inlet name Equation 
Conical inlet section ( )end start
start
r r
r x r
L
−= +  
rounded inlet section, 
R/D = 9.5/18 ( )22endr R r R x L= + − − −  
elliptical inlet section 
( ) ( )
0.52
start start end 21
x L
r r r r
L
⎛ ⎞−= − − −⎜ ⎟⎜ ⎟⎝ ⎠
 
uniform velocity 
gradient inlet section 
0.5
2 2 2
end start start
1 1 1xr
r r L r
−⎛ ⎞⎛ ⎞= − +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 
uniform pressure 
gradient inlet section ( ) 0.254 4 4end start startxr r r rL
−
− − −⎡ ⎤= − +⎢ ⎥⎣ ⎦  
uniform change of 
velocity gradient inlet 
section 
( ) 0.522 2 2end start start2 2x xr r r rL L
−
− − −⎛ ⎞⎛ ⎞= − − + +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 
uniform change of 
pressure gradient inlet 
section 
( ) 0.2524 4 4end start end2 2 1x xr r r rL L
−
− − −⎡ ⎤⎛ ⎞= − − ⋅ + + +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
 
uniform change of 
profile tangent inlet 
section 
( ) ( )2start end start end
start2
2r r x r r x
r r
L L
− −= − +  
 
The boundary values listed in Table 6 have been used to draw the radius, velocity, velocity 
gradient, pressure and pressure gradient plots for each of the different types of contracting 
inlet sections. 
Table 6 Boundary values of one dimensional analysis 
Variable Value 
startr  0.0122 m  
endr  0.009 m  
 R  0.0095 m  
( )( )0.522 start endL R r r R= − − −  0.00711 m  
ρ  30.0904 kg/m
x L
u =  6 m/s  
 
Figure 9 shows the radius vs. distance (or cross-sectional profile) of the different tubular inlet 
sections as given in Table 5 for the boundary values of Table 6. 
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Figure 9 Radius vs. distance from start of inlet sections (Table 4) 
Figure 9 shows that the rounded, elliptical, uniform change of velocity gradient, uniform 
change of pressure gradient and uniform change of profile tangent inlet sections ends 
tangentially to the axial direction (x). While the conical, constant velocity gradient and 
constant pressure gradient inlet sections do not end tangentially to the axial direction, but at 
an angle. 
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Figure 10 One dimensional velocity variation along length of inlet sections (Table 4) 
The one dimensional velocity plots shown in Figure 10, of the rounded, elliptical, uniform 
change of velocity gradient, uniform change of pressure gradient, and uniform change of 
profile tangent inlet sections gradually and tangentially approaches the exit velocity. While 
the conical, constant velocity gradient and constant pressure gradient inlet sections did not 
approach the exit velocity tangentially. This non-tangential approach can lead to separation of 
flow just after the inlet section due to inertia of the flow. 
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Figure 11 One dimensional velocity gradient along length of inlet sections (Table 4) 
The velocity gradient plots shown in Figure 11, of the rounded, elliptical, uniform change of 
velocity gradient, uniform change of pressure gradient, and uniform change of profile tangent 
inlet sections ends at zero at the end of the inlet section, which proves that these inlet 
sections’ velocities approaches the exit velocity tangentially. While the conical, uniform 
velocity gradient and uniform pressure gradient inlet sections ended at a non-zero value. The 
conical inlet section had an increasing velocity gradient, while the uniform pressure gradient 
inlet section had a decreasing velocity gradient and ended at a non-zero velocity gradient 
value. 
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Figure 12 One dimensional static pressure variation vs. length of inlet (Table 4) 
Figure 12 shows that relative static pressure of the rounded, elliptical, uniform change of 
velocity gradient, uniform change of pressure gradient and uniform change of profile tangent 
inlet sections gradually and tangentially approaches the exit pressure. While the conical, 
constant area gradient, constant velocity gradient, constant pressure gradient inlet sections 
does not approach the pressure tangentially. 
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Figure 13 One dimensional static pressure gradient along length of inlet sections 
Figure 13 show that the rounded, elliptical, uniform change of velocity gradient, uniform 
change of pressure gradient and uniform change of profile tangent inlet sections’ pressure 
gradients ended at a zero value. This proves that the static pressure is approached tangentially. 
The conical and constant velocity gradient inlet sections had an increase in the absolute 
magnitude of the pressure gradient. While the uniform pressure gradient inlet section had a 
constant value. 
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The transverse velocity components for different inlet sections based on the change in area 
along the length of the inlet section, refer to equation (2.2.5), are shown in Figure 14. Figure 
14 shows that the rounded, elliptical, uniform change of velocity gradient, uniform change of 
pressure gradient, and uniform change of profile tangent inlet sections that the transverse 
velocity decreased steadily toward zero at the end of the transition. While the transverse 
velocity plots for the conical, uniform change of velocity gradient and uniform change of 
pressure gradient inlet sections did not end at a zero value. These non-zero transverse velocity 
components imply that the flow can separate just after the inlet section due to inertia. 
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Figure 14 Transverse velocity due to area change along length of inlet section 
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Table 7 is a summary of the contracting inlet section geometries that have decreasing velocity 
and pressure gradients based on the velocity and pressure plots of Figure 10 to Figure 13. 
 
Table 7 Listing of inlet geometries with decreasing velocity and pressure gradients 
Name of contracting inlet geometry velocity gradient 
approaching zero to 
end of inlet section 
(Yes or No) 
pressure gradient 
approaching zero to 
end of inlet section 
(Yes or No) 
Conical inlet section No No 
rounded inlet section Yes Yes 
elliptical inlet section Yes Yes 
uniform velocity gradient inlet section No No 
uniform pressure gradient inlet section No No 
uniform change of velocity gradient inlet 
section Yes Yes 
uniform change of pressure gradient inlet 
section Yes Yes 
uniform change of profile tangent inlet 
section Yes Yes 
 
The inlet sections which have a decreasing velocity and pressure gradients toward the end of 
the contracting inlet section have a geometry that would minimize flow losses. The reason 
being that the transverse velocity components would be minimized toward the end of the flow 
contraction as shown in Figure 14. By minimizing the magnitude of transverse velocity 
components, especially at the end of the contraction, the potential for the break-away of flow 
due to inertia is minimized. 
 
The velocity as well as pressure gradient plots of the rounded and elliptical inlets shows that 
both these inlet geometries have decreasing pressure and velocity gradients. Both the rounded 
and elliptical inlet sections are known for their low pressure loss characteristics as mentioned 
in [1] and [4]. This validates the method of analysing of the pressure and velocity gradients to 
analyze the pressure loss characteristics of a flow transition section. 
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2.3 Predicting K by means of impulse-momentum considerations 
 
The following technique for predicting the pressure loss for a sudden contracting inlet section 
is described by various authors in literature such as [3] and [12]. 
 
Figure 15 Sudden contraction (impulse momentum consideration) adapted from [13] 
 
A sudden contraction occurs in a duct section where the duct size is abruptly reduced in the 
direction of flow. The flow pattern in a sudden contraction, as shown in Figure 15, consists of 
a separation of the fluid from the wall upon entering the reduced cross-sectional area, and a 
vena contracta forms at (3). The concept in predicting the pressure loss is to propose no loss 
from positions (1) to (3), and to treat the flow from positions (3) to (2) as a sudden 
enlargement [12]. This logic is stated to be quite valid, since converging, accelerating flow is 
efficient, while deceleration of fluid is difficult to achieve without losses, according to [12]. 
 
Now using the equation for the pressure loss of a sudden enlargement obtained from [18] and 
[12] for the flow form section 3 to section 2 of Figure 15, the pressure loss is: 
 
( )
2 22
2 2 2 2 2
loss 2 2 12 2 2c c c
u A u Ap u u u
A A
ρρ ρ ⎛ ⎞ ⎛ ⎞= − = − = −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠     (2.3.1) 
Where  
uc is the velocity of the fluid at the vena contracta, section (3) 
Ac is the cross-sectional area of the vena contracta, and Ac < A2 
 
The area of the vena contracta can be related to A2 by defining a contraction coefficient Cc: 
 
2
2
c
c
c
A uC
A u
= =           (2.3.2) 
 
Substituting Ac and uc from (2) into (1) yields: 
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22
2
loss
1 1
2 c
up
C
ρ ⎛ ⎞= −⎜ ⎟⎝ ⎠          (2.3.3) 
 
Thus the pressure loss coefficient is: 
 
2
1 1
c
K
C
⎛ ⎞= −⎜ ⎟⎝ ⎠
          (2.3.4) 
 
The contraction coefficient is a function of the ratio of areas, A2/A1. These contraction 
coefficients were determined experimentally by Weisbach in 1855 [12] and is shown in Table 
8. 
 
Table 8 Contraction coefficients in sudden contractions [12] 
2
1
A
A
 cC  
2
1 1
cC
⎛ ⎞−⎜ ⎟⎝ ⎠
 
0.1 0.624 0.363 
0.2 0.632 0.339 
0.3 0.643 0.308 
0.4 0.659 0.268 
0.5 0.681 0.219 
0.6 0.712 0.164 
0.7 0.755 0.105 
0.8 0.813 0.053 
0.9 0.892 0.015 
1.0 1.000 0.000 
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2.4 Predicting K by means of the effective flow area 
 
This technique for predicting the pressure losses by using the effective flow area was derived 
by the author. It came about after investigating the relation between the coefficient of 
discharge (Cd) and the pressure loss coefficient (K) as well as using potential flow theory to 
predict velocities. 
 
Figure 16 Sudden contraction (effective flow area analysis) adapted form [13] 
 
For the flow through a sudden contraction, see Figure 15, a vena contracta forms (at section 3 
with a cross-sectional flow area of Ac) upon entering the reduced cross-sectional area (A2) due 
to inertial effects. The vena contracta that forms has a flow area that is smaller than the 
available cross sectional tube area (Ac < A2). Therefore the actual flow rate would be lower 
than that predicted by the one dimensional analysis based on the available cross-sectional area 
of the tube (A2). 
 
The actual one dimensional flow rate can be found from the revised Bernoulli equation [12] 
which includes a flow correction term, called the pressure loss (ploss). 
 
2 21 1
1 1 1 2 2 2 loss2 2u gH p u gH p pρ ρ ρ ρ+ + = + + +      (2.4.1) 
 
The pressure loss can be obtained from the product of the velocity pressure term and a 
dimensionless pressure loss coefficient (K).  
 
21
loss 22p K uρ=          (2.4.2) 
 
The pressure loss coefficient (K) is mainly a function of the geometry for incompressible 
turbulent flow [10]. 
 
For this analysis the pressure loss term ( 21loss 22p K uρ= ) will account only for flow impedance 
(pressure loss) due to the formation of a vena contracta. 
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Stating that the flow passage is horizontal (i.e. H2 = H1), the hydrostatic terms cancel and the 
modified Bernoulli equation becomes: 
  
( )
2 21 1 1
1 1 2 2 22 2 2
2 21 1
1 1 2 22 21
u p u K u p
u p K u p
ρ ρ ρ
ρ ρ
+ = + +
+ = + +        (2.4.3) 
 
The maximum velocity of the flow passage is found at the narrowest flow cross-section, in 
this instance at the vena contracta of section (3). The fluid velocity at the vena contracta can 
be estimated by assuming the fluid to be inviscid and using the Bernoulli equation. Because 
the flow is assumed to be inviscid there are no pressure losses from section (3) to section (2) 
and therefore: 
 
3 2p p≅           (2.4.4) 
 
Now using the Bernoulli equation between section 1 and 3 and using equation (2.4.4) results 
in: 
 
( ) ( ) ( )( ) ( )2 21 11 1 22 1 1 2201 3
max
2 22
c
p u p p u pp p
u u
ρ ρ
ρ ρ ρ
+ − + −−≅ = ≅ =  (2.4.5) 
 
Note that equation (2.4.5) states that the velocity at the vena contracta (uc) is only dependent 
on intensive properties of the fluid such as the difference between the total pressure of section 
1 and the static pressure at section 2, and fluid density. 
 
From the principle of continuity between section 3 and 2 for incompressible flow, the velocity 
u2 is: 
 
2 2
2
2
c c
c
c
u A u A
Au u
A
=
∴ = ⋅           (2.4.6) 
 
Substituting the estimated velocity for uc obtained from equation (2.4.5) into (2.4.6) results in: 
 
( )
( )
21
1 1 22
2
2
221
1 1 222
2
2
2
2
c
c
p u p Au
A
p u p Au
A
ρ
ρ
ρ
ρ
+ −= ⋅
+ − ⎛ ⎞∴ = ⋅⎜ ⎟⎝ ⎠
       (2.4.7) 
 
Substituting (2.4.7) into (2.4.5) results in: 
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( ) ( )
( )( )
( )
221
1 1 2221 1
1 1 22 2
2
2
2 21 1
1 1 2 1 1 22 2
2
2
2
2
2
2
1
1
1 1
1
c
c
c
c
p u p Au p K p
A
Au p p K p u p
A
AK
A
AK
A
ρρ ρ ρ
ρ ρ
−
⎛ ⎞+ − ⎛ ⎞⎜ ⎟+ = + ⋅ +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
⎛ ⎞+ − = + + − ⋅⎜ ⎟⎝ ⎠
⎛ ⎞= + ⋅⎜ ⎟⎝ ⎠
⎛ ⎞⎛ ⎞⎜ ⎟∴ = −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
    (2.4.8) 
 
The contraction coefficient is defined as: 
 
2
c
c
AC
A
=           (2.4.9) 
 
Substituting (2.4.9) into (2.4.8): 
 
2
1 1
c
K
C
⎛ ⎞= −⎜ ⎟⎝ ⎠
          (2.4.10) 
 
This expression is analogue to the pressure loss coefficient’s relation to the coefficient of 
discharge. Where the pressure loss coefficient (K) and the coefficient of discharge (Cd) are 
related to each other by the expression obtained from [13] as: 
 
2
1 1
d
K
C
⎛ ⎞= −⎜ ⎟⎝ ⎠
          (2.4.11) 
 
If the coefficient of discharge (Cd) can be approximated by the contraction coefficient (Cc) 
then 
 
2 2
1 11 1
d c
K
C C
⎛ ⎞ ⎛ ⎞= − ≅ −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
        (2.4.12) 
 
The impulse momentum consideration analysis (refer to heading 2.3) and effective flow area 
analysis techniques are compared in Figure 17 using the same contraction coefficients. In 
Figure 17 it can be seen that the effective flow area analysis predicts a higher pressure loss 
coefficient compared to the impulse momentum consideration analysis based on the same 
contraction coefficient (Cc).  
 
This result is surprising for one would expect the effective flow area analysis which is based 
on inviscid flow analysis to yield a lower pressure loss value than the momentum impulse 
consideration analysis which attributes pressure losses entirely due to viscous dissipation of 
eddies according to [10]. This viscous dissipation in turn converts the mechanical flow energy 
into heat. On the other hand the effective flow area analysis attributes the pressure loss to a 
reduction of the flow area due to transverse velocity components, and no viscous dissipation. 
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Figure 17 Comparison of pressure loss coefficient prediction techniques 
 
The effective flow area analysis attributes the flow impedance (or hydraulic resistance as 
referred to in literature by [1]) to the reduction of the effective flow area (formation of a vena 
contracta). The hydraulic impedance, according to the inviscid flow analysis can not convert 
the mechanical energy into heat because there is no viscous dissipation, but it impedes 
mechanical energy release rate by reducing the effective flow area and therefore flow rate. 
The effective flow area analysis imposes an inertial constriction (or rather an inertial 
reactance) on the flow stream that prevents the mechanical energy from being released.  
 
The author is of the opinion that the explanation given by momentum-impulse analysis to 
predict the local pressure loss for a sudden contracting flow passage is inadequate. The reason 
for this belief is that for a flow at a high Reynolds number, the inertial forces far exceed 
viscous forces (remembering that the Reynolds number is the ratio of the inertial forces to the 
viscous forces). Rather the pressure loss is due to the flow contraction effects that reduce the 
effective flow area and therefore flow rate. 
 
If the momentum-impulse analysis is indeed inadequate, then it implies that pressure losses 
are not entirely due to viscous force converting the mechanical energy into heat. 
 
In conclusion the author is off the belief that pressure loss in the turbulent incompressible 
flow regime are primarily due to flow contraction effects and secondly due to viscous 
dissipation of eddy currents. 
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3 Computational Fluid Dynamics 
Flow geometries such as compact heat exchangers normally involve rather intricate flow 
passages. Since a detailed measurement of the velocity and temperature fields in these 
passages is very difficult, the commonly available experimental information consists of only 
the overall values of pressure drop and heat transfer coefficient. During recent years, 
however, it has been possible to obtain numerical predictions of the velocity and temperature 
fields and the associated stresses and fluxes for flow passages relevant to compact heat 
exchangers. These predictions give useful design information and provide insight into the 
underlying physical processes. In this manner, the computational analysis supplements the 
experimental information by supplying the details that may be difficult to measure [14]. 
 
The essential steps to be taken prior to CFD modelling according to [16] are: 
• Pose the flow problem in physical terms 
• Establish the amount of information available and its sufficiency and validity. 
• Asses the capabilities and features of the CFD code, to ensure that the problem is well 
posed and amenable to numerical solution by the code. 
• Plan the simulation strategy carefully, adopting a step-by-step approach to the final 
solution. 
3.1 Physical problem description 
The tubular inlet sections of a heat exchanger are to be investigated for different geometric 
shapes. Two of these inlet geometries are shown in Figure 18. The one on the left is termed a 
sudden contracting inlet section, and the one on the right a rounded inlet section. The tubular 
inlet section forms part of a heat exchanger that is of the shell and tube configuration. The 
purpose of the heat exchanger would be to condense water vapour inside the tubes and 
evaporate saline water on the outside of the heat exchanger tubes.  
 
Figure 18 Cross sectional view of a sudden contracting and contoured inlet section 
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The pressure loss characteristics of the tubular inlet sections are to be determined for both the 
laminar and turbulent flow regimes. 
 
Knowledge of the pressure losses is important in a sub-atmospheric pressure vapour flow 
systems since pressure losses may be a significant fraction of the absolute pressure, and 
therefore affects the absolute temperature. This effect of pressure drop on temperature 
decreases the heat transfer capacity and therefore also the condensation capacity of the heat 
exchanger. 
 
The purpose of the CFD simulation of the inlet sections is to obtain knowledge regarding the 
pressure loss characteristics of the various inlet sections. The results of the pressure losses for 
the various contracting inlet geometries may then be used as criteria to decide on the viability 
of additional expenditure on a machined rounded inlet section. The inlet section with the 
lowest pressure loss characteristics may be considered the most favourable. 
 
The different types of contracting tubular inlet section to be compared are: 
• A sudden contraction inlet section with a sharp edge 
• A rounded inlet section with an inlet rounding radius of (9.5/18)×tube diameter 
• A rounded inlet section with an inlet rounding radius of (19/18)×tube diameter 
 
The internal diameter of each heat exchanger tube is 18 mm. The heat exchanger consists of 
35 tubes staggered on a square surface of 118 mm × 161 mm. The heat exchanger tubes are 
spaced in a staggered arrangement, with five rows of seven tubes. The tube spacing is 20.4 
mm to the centre of the following tube in the row, and the row spacing is 23 mm, see Figure 
19. 
 
The orifice that forms the inlet to the heat exchanger tubes are shown in Figure 19. Figure 19 
shows that the inlet sections to the tubes were simply drilled into the orifices causing the inlet 
section for each tube to be a sudden contraction. 
 
Figure 19 Isometric view of machined orifice with sudden contracting inlet sections 
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For the rounded inlet sections a tool bit with the profile of the rounded inlet is used to 
machine the rounded inlet sections for each tube into a thick slab of hard plastic. 
 
Because the tubes are closely spaced the machined contours of the inlet sections overlap each 
other. The overlapping of two rounded machined inlet sections causes an intersection curve. 
The intersection curve can be mathematically determined as the intersection of two torusses. 
Looking at the top view of a machined orifice with rounded inlet sections one would see 
hexahedral divisions of the inlet sections due to the intersecting curves, see Figure 20. 
 
 
Figure 20 Top view of machined orifice with rounded inlets  
Figure 21 shows the isometric view of the orifice with the rounded inlet sections, where the 
rounding for each of the 18 mm internal diameter tubes is 9.5 mm. 
 
Figure 21 Isometric view of machined orifice with rounded inlet sections 
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Figure 22 show the orifice where the inlet rounding is 19 mm for each tube. 
 
Figure 22 Isometric view of machined orifice with rounded inlet sections, r/D=19/18 
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3.2 Simulation strategy 
It was opted to employ a computational mesh that would require minimal computer resources. 
This was done to minimize time and resources spent on the simulation. This requires that the 
simplest representative flow model should be generated. Since the tubes and therefore the 
inlet sections are evenly staggered, each inlet section can be considered as a nozzle. By 
modelling only a single inlet as a nozzle, one can further simplify the mesh by only modelling 
a sector of the nozzle. Thus only a ‘slice’ as opposed to the complete ‘cake’ is modelled, 
reducing the amount of computer resources required. 
 
A 5 degree sector of the flow passage was used to model the inlet section, thereby creating a 
wedge-like computational domain. The computational domain was made only one cell thick, 
causing the analysis to be two dimensional. However, the two dimensionality of this type of 
approach can be overcome by using so-called ‘cyclic’ boundary conditions whereby a 
matched pair of boundary planes, otherwise physically unconnected, are allowed to exchange 
fluid streams as if they were physically connected. However, by using cyclic boundary 
conditions the computational demand of the simulation would again increase. Therefore a 
symmetry boundary condition is applied to the two tangential faces of the computational 
domain. A symmetry boundary condition simply imposes a zero normal gradient on all 
variables on the boundary plane; for a flow simulation this can physically be interpreted as a 
smooth frictionless wall boundary. 
 
A positive motivation for the two dimensional consideration of the flow simulation is that the 
process being modelled should display a high degree of tangential symmetry. This would 
however imply that the flow simulation can have no swirl component about the tube axis; this 
constraint would be acceptable if the flow is assumed to have no or negligible swirl. For the 
flow analysis in this study the velocity vectors at the inlet boundary have no swirl and 
therefore swirl downstream swirl should be absent. 
 
Because of the geometric simplicity of a wedge shaped mesh, the following modelling 
strategy is appropriate: 
• Uniformly spaced mesh consisting of mostly hexahedral cells. 
• Mesh generation based on a multi-block technique 
• Inlet, outlet, wall and symmetry plane boundary conditions 
• Isothermal, incompressible and steady flow options 
• Appropriate physical parameters for water vapour 
• k-ε turbulence model for the turbulence characteristics 
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3.3 Computational domain geometry 
As stated in the simulation strategy only a sector of the flow passage will be modelled to 
reduce the computational demand of the simulation. Figure 23 shows a 4 view plot of the 
foreshortened computational mesh of a rounded inlet section with a rounding of (9.5/18)×tube 
diameter. Figure 23 also shows the spatial orientation of the computational mesh with the 
Cartesian coordinate system, where the axial direction is parallel to x-axis and the radial 
direction is parallel to the y-axis. 
 
 
Figure 23 Foreshortened CFD mesh to represent a sector of a tubular inlet section 
 
Figure 24 shows the multi-block technique [16] employed to generate the mesh. The multi-
block technique is a simple parametric grid generation technique which forms a part of the 
CFD software system. The upstream, inlet section and downstream sections were each 
separately modelled as a block. Looking at Figure 24 one can see that two tangent sides of the 
block coincided to form the wedge-shaped block. 
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Figure 24 Close-up of CFD’s wedge shaped mesh, showing multi-block technique  
 
Remembering that the actual inlet boundary of the heat exchanger’s tubular inlet section is not 
circular but hexahedral; refer to Figure 21. A transformation based on the equivalent area was 
done to determine the equivalent radius for the wedge-shaped mesh, as shown in Figure 25. 
 
 
Figure 25 Equivalent circular radius for hexagon shaped surface based on area 
23mm 
20.4mm 
R = 12.22 mm 
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The equivalent radius for the wedge shaped mesh based on the area of the inlet boundary is: 
 
( )inlet boundary of actual inlet
mesh inlet boundary
20.4 mm 23 mm
12.22 mm
A
r π π
×= = =   (3.3.1) 
 
Regarding the geometric extent of the computational domain, the domain should be 
sufficiently large to capture the hydrodynamic flow development (also called boundary layer 
formation) both upstream and down stream of the inlet section. Hydrodynamic flow 
development occurs due to the area transition brought about by the inlet section and the 
different steady state velocity profiles in the upstream and downstream sections. By including 
the upstream and downstream sections into the computational domain, the energy lost due to 
hydrodynamic flow development is accounted for. 
 
It should be remembered that the flow velocity profile directly following the inlet has not 
reached it fully developed profile. The required downstream length following well rounded 
inlet section for the flow profile to fully develop is called the entry length. The hydrodynamic 
flow development is illustrated in Figure 26 for laminar flow, where the velocity profile 
changes from a ‘plug’ profile to a parabolic shaped profile. 
 
 
Figure 26 Boundary layer growth at pipe entrance [10] 
 
The distance from the entrance to the position in the pipe for 99% fully developed laminar 
flow (with regards to the tube’s center-line velocity) according to [9] is: 
 
' 0.065ReDL D=          (3.3.2) 
 
For turbulent flow the hydrodynamic flow development length has been stated by [10] to be  
 
1/ 6' 4.4ReDL D=          (3.3.3) 
 
These entry lengths values versus Reynolds number in the tube is illustrated in Figure 27. 
 46
0
20
40
60
80
100
120
140
160
0 20000 40000 60000 80000 100000 120000 140000
Reynolds number based on tube diameter
(tu
be
 le
ng
th
 fr
om
 e
nt
ra
nc
e)
 / 
(tu
be
 d
ia
m
et
er
)
Entry length for laminar flow
Entry length for turbulent flow
 
Figure 27 Entrance length vs. Reynolds number in tube, adapted from [9] & [10] 
 
The minimum required and actual mesh length used in the CFD analysis to account for the 
hydrodynamic flow development in the downstream section is listed in Table 9. The table 
shows that a longer down stream tube length is required for laminar flow at high Reynolds 
numbers (500 ≤ Re ≤ 2000) than for the turbulent flow scenarios (Re ≥ 10×103). 
 
Table 9 Entry effect length & downstream mesh length used for CFD 
Reynolds number 
in tube 
approximate entry length (L’) 
[m] 
down stream mesh length of 
CFD 
[m] 
500 0.585 0.700 
1000 1.170 1.400 
1500 1.755 2.100 
2000 2.340 2.800 
10×103 0.368 0.650 
15×103 0.393 0.650 
20×103 0.413 0.650 
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Most of the flow characteristics such as the flow contraction effects and hydrodynamic flow 
development change most rapidly near the area transition of the flow geometry. Thus the 
mesh has to be denser close to the area transition. A mesh spacing factor was used to get a 
high mesh density close to the area transition. With a mesh spacing factor each successive cell 
length is the ‘mesh spacing factor’ times the previous cell length [16] (i.e. a geometric series). 
The mesh length, number of divisions and mesh spacing factors employed are listed in Table 
10. 
 
Table 10 Mesh generation parameters employed for CFD 
Axial direction Radial direction 
mesh upstream of inlet 
section 
mesh downstream of inlet 
section 
Reynolds 
number 
in tube 
Number 
of 
divisions 
Spacing 
factor 
total 
mesh 
length
[m] 
Number 
of 
divisions
Spacing 
factor 
total 
mesh 
length 
[m] 
Number 
of 
divisions 
Spacing 
factor 
500 20 1 0.3 20 1.05 0.7 400 0.99 
1000 20 1 0.3 20 1.05 1.4 400 0.99 
1500 20 1 0.3 20 1.05 2.1 400 0.99 
2000 20 1 0.3 20 1.05 2.8 400 0.99 
≥ 10×103 20 1 0.3 20 1.05 0.45 300 0.99 
 
Regarding the wedge shaped profile of the computational domain to represent a sector of the 
flow passage, it should be remembered that the CFD’s cells are discrete volumes that have flat 
surfaces. Therefore an approximation error is introduced when modelling contoured surfaces 
with flat surfaces. The approximation error between the wedge shape grid and the sector of 
the circle’s circumference can be analytically determined using Figure 28. 
 
 
 
Figure 28 5º wedge to represent a 5º sector of a cylinder 
r 
θ 
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For the long tangential sides of the wedge based on the radius of the tube, the error in the 
circumference can be formulated from Figure 28 to be: 
 
( )( ) ( )( )
circumference of wedge - circumference of sector of circle
circumference of sector of circle
2 sin / 2 2sin / 2r r
r
θ θ θ θ
θ θ
− −= =
    (3.3.4) 
 
If the CFD grid wedge has a sector angle of 5º, then the difference with respect to the 
circumference of the circle is -0.0317%. This difference will be taken as negligible and 
ignored. 
 
The difference between the area of a sector of a circle and a triangular wedge based on the  
radius and sector angle shown in Figure 28 is: 
 
( ) ( ) ( )
( )
( ) ( ) ( )
( )
2 2
2
area of wedge - area of sector of circle
area of sector of circle
10.5 sin / 2 cos / 2 / 2
2
/ 2
sin / 2 cos / 2 / 2
/ 2
r r
r
θ θ θ
θ
θ θ θ
θ
⋅ −
=
−=
      (3.3.5) 
 
The difference in the area between a 5º wedge shape triangle and that of a 5º sector of a circle 
is -0.127%. This difference will also be taken as negligible and ignored. 
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3.4 Fluid properties 
3.4.1 Molecular properties 
The fluid will be assumed to be pure water vapour without any non-condensable gasses. This 
assumption has been made since the fluid flowing though the heat exchanger is 99% pure 
water vapour, and no information was supplied for mixtures of water vapour and non 
condensable gasses. The temperature of the fluid at the inlet boundary was set at 52ºC. The 
properties of the water vapour at 52ºC was obtained by linearly interpolating the values 
obtained from [15] and shown in Table 11. The density and molecular viscosity was set at a 
constant value for the simulations. 
Table 11 Molecular properties of water vapour [15] 
 
50ºC 
52ºC 
(linearly 
interpolated 
between 50ºC 
and 55ºC) 
55ºC 
Density kg/m3 0.08299 0.09040 0.10437 
Molecular viscosity Pa s 10.10×10-6 10.18×10-6 10.30×10-6 
Specific heat J/kg K 1907 1910.2 1915 
Saturation pressure Pa 12340 13700 15740 
Thermal conductivity W/Km 2.080×10-2 2.092×10-2 2.110×10-2 
3.4.2 Laminar flow model 
For the flow scenarios where the Reynolds number based on the tube diameter was small 
smaller and equal to 2000, the flow conditions were assumed to be purely laminar. Therefore 
the flow field was solved using the laminar Navier-Stokes equations. 
3.4.3 Turbulent flow model 
For the turbulent flow scenario the k-ε High Reynolds number turbulence model with the 
default coefficients of the CFD software was used. 
 
No data regarding the turbulence conditions existed. Therefore the initial turbulence intensity 
at the inlet boundary was estimated at 1%, this is the value for fully developed turbulent flow 
according to [16]. The turbulent mixing length was set to 5% of the tube diameter. The 
turbulent mixing length suggested by [16] is one order of magnitude less than the 
characteristic length (i.e. tube diameter). 
 
The turbulence intensity (k) and the turbulent dissipation coefficient (ε) are related to the 
turbulence intensity (I) and the mixing length (l) by the equations found in [16]: 
 
( )21.5k uI=           (3.4.1) 
1.5
0.75 kC
lμ
ε =           (3.4.2) 
0.09Cμ =           (3.4.3) 
 
in which u is the local velocity magnitude at the inlet, and Cμ is an empirical coefficient. The 
default value of Star-CD for Cμ is 0.09 [16]. 
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3.5 Boundary conditions 
3.5.1 Inlet boundary 
A prescribed flow boundary has been defined for the inlet. The velocity vectors at the inlet 
boundary will be assumed uniform and parallel to the tubes. The average uniform velocity at 
the inlet section is calculated as a function of the Reynolds number in the tube. The kinematic 
viscosity of water vapour at 52ºC, obtained form [15], has been used to relate the flow 
velocity to the Reynolds number. 
tube tube tube tube
inlet
inlet inlet inlet inlet
Re Reu A A AVu
A A D A D A
μ ν
ρ= = = ⋅ = ⋅
&
     (3.5.1) 
Table 12 lists the boundary conditions for the inlet boundary based on the Reynolds number 
in the tube and equation (3.5.1). 
 
Table 12 CFD inlet boundary average velocities 
Reynolds 
number based 
on tube 
diameter 
Average 
velocity in Ø18 
mm tube based 
on Reynolds 
number in tube 
 
[m/s] 
Average 
velocity at inlet 
boundary based 
on flow rate in 
tube 
 
[m/s] 
Volume flow 
through Ø18 
mm tube based  
 
 
 
[m3/s] 
Average Mass 
flux through 
Ø18 mm tube 
section, based 
on a density of 
0.0904 kg/m3 
[kg/m2] 
500 3.12807 1.69650 7.9600×10-4 1.5336×10-1
1000 6.25615 3.39300 1.5920×10-3 3.0673×10-1
1500 9.38422 5.08950 2.3880×10-3 4.6009×10-1
2000 12.51229 6.78600 3.1840×10-3 6.1345×10-1
10000 62.5615 33.9300 1.5920×10-2 3.0673
15000 93.8422 50.8950 2.3880×10-2 4.6009
20000 125.1229 67.8600 3.1840×10-2 6.1345
 
For the turbulent flow simulations (where Re > 2000) the turbulence intensity at the inlet 
boundary was estimated as 1% and the mixing length as 5% of the 18mm diameter tube, i.e. 
0.0009m. 
3.5.2 Outlet boundary 
At the outlet, the outlet boundary is specified, since the flow can be assumed to be 
everywhere outwardly directed. 
3.5.3 Symmetry plane 
Symmetry planes are specified to represent the axisymmetric boundary planes of the mesh. 
The use of the symmetry planes is based on the assumption that the flow is axisymmetric 
without swirl. The use of symmetry boundaries greatly reduces the computational size of the 
mesh. 
3.5.4 Wall boundary 
A wall boundary involves a generalisation and extension of the no-slip and impermeability 
conditions commonly used at such surfaces. A hydraulically smooth surface will be assumed. 
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3.6 Solution control parameters 
A steady state calculation solution procedure was chosen, because an unchanging flow pattern 
under a given set of boundary conditions is expected. The SIMPLE solution algorithm was 
employed. This algorithm is mainly suitable for steady-state calculations and it employs only 
one corrector stage [16]. 
 
Because the mesh was defined in such a manner that the axial and radial velocity directions 
corresponded with the Cartesian x and y axis, the momentum solver in the z direction was 
switched off. This reduced the computational demand of the simulation; refer to Figure 23 to 
view the mesh and coordinate system orientation. 
 
Only one differencing scheme will be used for all the different simulations, namely the 
Monotone advection and reconstruction scheme (MARS). MARS is a multidimensional 
second-order accurate differencing scheme. MARS does not rely on any problem dependent 
parameters to work properly and it can automatically handle all flow problems and mesh 
types supported by STAR-CD [16]. The default blending factor of 0.5 was used for the 
MARS differencing scheme. 
 
Simulations were done until the maximum residual tolerance was less than 0.001 (the default 
value of Star-CD [16]. The maximum number of iterations was set at 600. 
 
No adaptive mesh refinement technique was employed for simulations in this study. Mesh 
refinement was done prior to running the simulation, using a mesh spacing factor, where the 
mesh density was higher close to the transition.  
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4 Results of control volume analysis 
This section presents the results of the pressure losses due to the inlet section as calculated 
from the existing pressure loss relations obtained in literature. 
4.1 Laminar flow results 
For the laminar flow conditions two different correlations for pressure loss coefficients vs. 
Reynolds number in the tube were found in literature, namely those of Chen [5] and of 
Idelchik [1]. The total pressure loss correlation of Chen [5] was only dependant on the 
Reynolds number in the tube. The correlation of Idelchik [1] for sudden contracting inlet 
sections was dependent both on the area contraction ratio and Reynolds number. An area 
contraction of 0.6 has been used for the pressure loss vs. Reynolds correlation obtained from 
[1]. Figure 29 show that the correlation of Chen [5] gives a higher pressure loss coefficient 
than Idelchik [1]. 
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Figure 29 Pressure loss coefficient vs. Reynolds number for laminar flow [1,5] 
 
The pressure loss calculated with the two different pressure loss correlations are shown in 
Figure 30. The fluid properties used to draw the graph was that of water vapour at 52ºC with a 
density of 0.0904 kg/m3 and dynamic viscosity of 1.018×10-5 kg/ms. 
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Figure 30 Pressure loss of inlet section vs. Reynolds number [1, 5] 
 
Figure 30 show that the pressure loss correlation of Chen [5] predicts a pressure loss of almost 
9 Pa at Re = 2000, while the correlation of Idelchik [1] predicts a pressure loss of only 1 Pa at 
Re = 2000. 
 
Regarding the effect of pressure drops on the water vapour temperature in a condensing flow 
passage, the change in vapour temperature can be estimated with linear interpolation of the 
thermo physical properties. Using the data of pure water vapour obtained from [15] the 
decrease of the vapour temperature is 
 
( ) ( )loss loss loss loss55°C 50°C
55°C 50°C 55 50 0.001466 °C / Pa
15758 12349
T p p p
p p
− −= = =− −   (2.1.4) 
 
The more conservative correlation of Chen [5] was used to predict the change in saturation 
temperature. The result is shown in Figure 31. 
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Figure 31 Change in saturation temperature vs. Re due to pressure loss of inlet 
 
Figure 31 shows that the saturation temperature decreases as the Reynolds number increases. 
The saturation temperature decrease reached a maximum of 0.013ºC at Re = 2000. 
 
The change in heat transfer capacity can be estimated using the change of the total 
temperature differential: 
 ( )total total lossmax actual loss
max total total
UA T UA T Tq q T
q UA T T
Δ − −− ≅ =Δ Δ      (2.1.5) 
 
The effect of the temperature drop on the heat transfer capacity is shown in Figure 32 for an 
available total temperature differential of 1ºC. 
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Figure 32 Change of heat transfer capacity vs. Re due to pressure loss of inlet 
Figure 32 shows that for the total temperature differential of 1ºC, the influence of the inlet 
section’s pressure loss on the available heat transfer capacity was less than 1.3%. 
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4.2 Turbulent flow results 
For the turbulent flow conditions, the pressure loss coefficients for the different inlet sections 
as obtained from [1] were used. 
 
0
100
200
300
400
500
600
700
800
10000 12000 14000 16000 18000 20000 22000
Reynolds number in tube
Pr
es
su
re
 lo
ss
 [P
a]
Protruding inlet, K = 1.0
Sudden contraction, K = 0.5
Conical inlet in wall, K = 0.11
Protruding rounded inlet, K = 0.06
Rounded inlet in wall, K = 0.03
 
Figure 33 Pressure loss vs. Re for different inlet sections (turbulent flow conditions) 
Figure 33 show that the pressure loss increases with the Reynolds number. The pressure loss 
for the protruding inlet section was the highest and the rounded inlet in the wall was the 
lowest. 
 
Regarding the effect of pressure drops on the water vapour temperature in a condensing flow 
passage, the change in vapour temperature can be estimated with linear interpolation of the 
thermo physical properties. Using the data of pure water vapour obtained from [15] the 
decrease of the vapour temperature due to pressure drop is: 
 
( ) ( )loss loss loss loss55°C 50°C
55°C 50°C 55 50 0.001466 °C / Pa
15758 12349
T p p p
p p
− −≅ = =− −   (2.1.4) 
 
The results of the temperature drop are shown in Figure 34. 
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Figure 34 Reduction of saturation temperature vs. Re for turbulent flow conditions 
 
Figure 34 shows that for the protruding inlet section with where K = 1, that the saturation 
temperature changed by 1ºC at a Reynolds number of 20×103. 
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Figure 35 Change in heat transfer capacity for turbulent flow with different inlets 
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Figure 35 show the change in heat transfer capacity if the available temperature differential 
was 1ºC. It shows that the rounded inlet in wall’s pressure loss had little effect on the heat 
transfer capacity. However for the protruding inlet at a Reynolds number of 20×103, the 
reduction in heat transfer capacity was practically 100% and a further increase of Reynolds 
number would imply a negative heat transfer. 
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5 Results of computational fluid dynamics analysis 
This section presents the results obtained from the CFD simulations done for the sudden 
contracting inlet section, and two rounded inlet sections into tube with a diameter of 18 mm. 
The rounded inlet sections had a respective rounding of 9.5 mm and 19 mm. The results for 
both laminar and turbulent flow simulations are presented. 
 
The pressure plot of the inlet sections were obtained by placing sensor points on the centre-
line along the length of the tube. The piezometric pressure values were used instead of the 
static pressure values in order to exclude the effect of hydrostatic pressure variation. The 
piezometric pressure is defined as: 
 
piezo staticp p gHρ= −          (5.1) 
5.1 Laminar incompressible flow results 
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Figure 36 Relative static pressure plots along length of tube for inlets, Re = 500 
 
Figure 36 shows an almost identical pressure plot for the two rounded inlet sections. The 
pressure curve of the sudden contracting inlet section was slightly offset to the rounded inlet 
sections. Also the pressure gradients seemed to have stabilized after a distance of 
approximately 200 mm down stream of the inlet section. 
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Figure 37 Relative static pressure plots along length of tube for inlets, Re = 1000 
Figure 37 again shows almost identical pressure plots for the two rounded inlet sections, with 
the pressure curve for the sudden contracting inlet section again slightly offset to the rounded 
inlet sections. The slight dip (or local minimum) in the pressure plot of the sudden contraction 
indicates the formation of a weak vena contracta. 
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Figure 38 Relative static pressure plots along length of tube for inlets, Re = 1500 
Figure 38 shows that the sudden contracting inlet section’s pressure plot showed a clear dip 
(local minimum) that is indicative of the formation of a vena contracta. 
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Figure 39 Relative static pressure plots along length of tube for inlets, Re = 2000 
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Figure 39 again show that the rounded inlet sections had virtually identical pressure plots. 
Again there is a slight offset of the sudden contraction’s pressure plot relative to the rounded 
inlet sections. For the different Reynolds numbers investigated, the dip (or local minimum) in 
the pressure plot for the sudden contraction at Re = 2000 was most significant. This indicates 
that the significance of the vena contracta is proportional to Reynolds number for laminar 
incompressible flow. 
 
From the modified Bernoulli equation obtained from [10], the excess pressure loss due to the 
inlet section can be derived as: 
 
2 2
1 1 2 2 loss
2 2
1 1 2 2 friction loss in tube excess pressure loss due to inlet
2 2
excess pressure loss due to inlet 1 1 2 2 friction loss in tube
0.5 0.5
0.5 0.5
0.5 0.5
p u p u p
p u p u p p
p p u p u p
ρ ρ
ρ ρ
ρ ρ
+ = + +
+ = + + +
∴ = + − − +
∑
   (5.1.1) 
 
The friction loss in the tube can be obtained from the formula of [10] as: 
 
2
friction loss in tube 20.5
Lp f u
D
ρ⎛ ⎞= ⎜ ⎟⎝ ⎠        (5.1.2) 
 
For fully developed laminar flow in a circular tube, the tube’s pipe friction factor according to 
[10] is: 
 
64
Re
f =           (5.1.3) 
 
Substituting equations (5.1.3) into equation (5.1.2), the excess pressure loss due to the inlet 
section is: 
 
2 2 2
excess pressure loss due to inlet 1 1 2 2 2
640.5 0.5 0.5
Re
Lp p u p u u
D
ρ ρ ρ⎛ ⎞= + − − − ⋅⎜ ⎟⎝ ⎠   (5.1.4) 
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Figure 40 Excess pressure loss predicted by CFD for laminar flow 
 
Figure 40 shows the plots of the excess pressure vs. Reynolds number plots for the different 
inlet sections. It shows that the rounded inlet sections had a virtually identical pressure loss 
vs. Reynolds number plot to that stated in literature by [5], implying that the pressure loss was 
attributable to the hydrodynamic flow development, and to a lesser extent the formation of a 
vena contracta. Therefore only the sudden contracting inlet section had a slightly higher 
pressure loss prediction compared to the rounded inlet sections, since it was the only inlet 
section that showed signs of a vena contracta. 
 
The excess pressure loss coefficient according to [5] is defines as: 
 
excess pressure loss due to inlet
inlet 2
20.5
p
K
uρ=         (5.1.5) 
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Figure 41 Excess pressure loss coefficient of CFD for laminar flow 
Figure 41 shows the pressure loss coefficient vs. Reynolds number for the different inlet 
sections. It shows that the pressure loss coefficient predicted by the CFD simulation closely 
approximates the pressure loss formula of [5]. 
 
Regarding the validity of the CFD results, the straight line pressure gradient down stream of 
the inlet section in the tube can be compared to that of the analytical pressure gradient 
predicted by the Poiseuille formula. The difference of the gradients is defined as: 
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Figure 42 Difference of CFD’s pressure gradient to literatures’ Poiseuille flow 
 
Figure 42 shows that there was a difference in the straight-line pressure gradient compared to 
the analytical formula. The difference is however small, and less than 2.5%. The fact that the 
CFD’s gradient is steeper than literature’s Poiseuille flow gradient indicate that hydrodynamic 
flow development is still taking place over the measured section (where x1 lies at a distance of 
0.6*Re*D from the start of the inlet section and x2 lies at a distance of 0.65*Re*D). 
 
Streamline plots (also called particle tracks) were made for the sudden contracting inlet 
section (R/D = 0/18) and rounded inlet section (R/D = 9.5/18), and are shown in Table 13 for 
different Reynolds numbers. 
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Table 13 Stream line plots of inlet sections for a Reynolds numbers of 500 to 2000 
Reynolds 
number in 
tube 
Stream lines for sudden contracting 
inlet section (R/D = 0/18) 
Stream lines for rounded inlet section 
(R/D = 9.5/18) 
500 
1000 
1500 
2000 
 
Table 13 shows the streamlines for a sudden contracting and a rounded inlet section with R/D 
= 9.5/18. For the sudden contracting inlet section at a Reynolds number of 500 the streamlines 
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contract and the streamlines indicate a break-away of the flow, at Re = 2000 the contraction is 
slightly more significant than at the lower Reynolds numbers. For the rounded inlet section 
the streamlines gradually converge and there is no indication of a break-away of flow from 
the walls. 
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5.2 Turbulent incompressible flow results 
 
The following results were obtained from the CFD solution domain, where sensor points were 
defined along the centre-line of the flow passage to obtain the pressure values. Plots were 
made of a flow passage’s centre-line pressure vs. distance from the start of the inlet section. 
 
The different inlet sections analysed all precede a tube with an inner diameter of 18 mm. The 
inlet sections analysed are a sudden contracting inlet section (referred to as R/D = 0/18 in the 
graph legend), a rounded inlet section with a rounding radius of 9.5 mm (referred to as R/D = 
9.5/18) and another rounded inlet section with a rounding radius of 19 mm (referred to as R/D 
= 19/18).  
 
The pressure values used to draw the pressure vs. distance plots are piezometric pressure 
values. The reason for using piezometric pressure values is to exclude the effect of the 
hydrostatic pressure variation. If the static pressure values were to be directly used then the 
hydrostatic pressure variation would give a wrong indication of actual the pressure loss. 
 
The piezometric pressure is defined as: 
 
piezometric staticp p gHρ= −         (5.2.1) 
 
Figure 43 to Figure 45 shows the piezometric pressure vs. distance plots for the three different 
inlet sections at three Reynolds numbers, namely 10×103, 15×103 and 20×103. 
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Figure 43 Pressure vs. distance form start of inlet section, Re = 10×103 
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Figure 43 shows that the two rounded inlet sections had practically identical pressure plots. 
The most extensively rounded inlet section (R/D = 19/18) had a marginally lower pressure 
loss than the inlet section with (R/D = 9.5/18). The pressure plot of the sudden contracting 
inlet section showed a dip (or a local minimum) that is indicative of flow contraction (also 
called a vena contracta). 
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Figure 44 Pressure vs. distance form start of inlet section, Re = 15×103 
Figure 44 is similar to Figure 43 with respect to the pressure plots trends for the different inlet 
sections. Again the lowest offset of the pressure grade line was that for the most extensively 
rounded inlet section (R/D = 19/18), followed closely by the less rounded inlet section (R/D = 
9.5/18). The sudden contracting inlet section (R/D = 0/18) showed a clear offset of its 
pressure gradient compared to the two rounded inlet sections. 
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Figure 45 Pressure vs. distance form start of inlet section, Re = 20×103 
Figure 45 is similar to Figure 43 and Figure 44 with respect to the pressure plots trends for the 
different inlet sections. 
 
From the modified Bernoulli equation obtained from [10], the excess pressure loss due to the 
inlet section can be derived as: 
 
2 2
1 1 2 2 loss
2 2
1 1 2 2 friction loss in tube excess pressure loss due to inlet
2 2
excess pressure loss due to inlet 1 1 2 2 friction loss in tube
0.5 0.5
0.5 0.5
0.5 0.5
p u p u p
p u p u p p
p p u p u p
ρ ρ
ρ ρ
ρ ρ
+ = + +
+ = + + +
∴ = + − − +
∑
   (5.2.2) 
 
The friction loss in the tube can be obtained from the straight line pressure gradient found 
down stream of the inlet section times the tube length: 
 
friction loss in tube
4 3
4 3
straight-line pressure gradient tube lengthp
p p L
x x
= ×
−= ×−
    (5.2.3) 
 
where p3 is located at a distance of 484 mm, and p4 is located 630 mm from start of inlet 
section 
 
Substituting equations (5.2.2) into equation (5.2.3), the excess pressure loss due to the inlet 
section is: 
 
 71
2 2 4 3
excess pressure loss due to inlet 1 1 2 2
4 3
0.5 0.5 p pp p u p u L
x x
ρ ρ −= + − − − ⋅−    (5.2.4) 
 
Using the definition of equation (5.2.4) and the pressure plots of Figure 43 to Figure 45, the 
pressure loss due to the inlet section is shown in Figure 46. 
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Figure 46 Pressure loss of inlet section vs. Re using CFD results for turbulent flow 
Figure 46 show that the pressure loss for the sudden contracting inlet section was the highest, 
followed by the two rounded inlet sections. The plot also showed that the pressure loss 
increases with Reynolds number. 
 
The excess pressure loss coefficient due to the inlet section is defined as: 
 
excess pressure loss due to inlet
inlet 2
20.5
p
K
uρ=         (5.2.5) 
 
Using equation (5.2.5) and the pressure loss values of Figure 46, Figure 47 shows the inlet 
sections pressure loss coefficient vs. Reynolds number. 
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Figure 47 Inlet pressure loss coefficient vs. Re using CFD results 
Figure 47 shows that the inlet section’s pressure loss coefficient varied with the Reynolds 
number, and that the effect of the Reynolds number diminished as the Reynolds number 
increased. 
 
The CFD results should be compared to the pressure loss predictions as found in literature. 
The sudden contracting inlet section investigated in this CFD study has an area contraction 
ratio of (π*182/4 / 20.4*23) = 0.54, refer to Figure 25. In literature the pressure loss 
coefficient for a sudden contraction with an area contraction ratio of 0.5 according to [1] is K 
= 0.25, for Re ≥ 104. 
 
Figure 48 shows the pressure loss prediction of the CFD simulation vs. Reynolds number as 
well the pressure loss predicted with the literature’s pressure loss coefficient of K = 0.25. 
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Figure 48 CFD and literature’s pressure loss for a sudden contraction (Re ≥ 104) 
Figure 48 show that the CFD simulation predicted a higher pressure loss compared to the 
literature’s pressure loss prediction. 
 
For the rounded inlet sections the pressure loss coefficients listed in literature are tabulated 
only as a function of the ratio of the rounding radius to the tube diameter. According to [1] if 
the ratio of the rounding radius to the tube diameter exceeds 0.2, then the inlet pressure loss 
coefficient has reached a minimum value of K = 0.03, for Re ≥ 104. 
 
The results of the pressure loss vs. Reynolds number for the CFD simulation and literature 
pressure loss prediction for the rounded inlet section investigated are shown in Figure 49. 
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Figure 49 CFD & empirical pressure loss for a rounded inlet section (turbulent flow) 
Figure 49 shows that the CFD simulations revealed a higher pressure loss prediction than the 
literature’s pressure loss prediction. 
 
Regarding the validity of the CFD results, the straight-line pressure gradient down stream of 
the inlet section in the tube can be compared to an empirical pressure gradient found in 
literature. An empirical pipe friction factor (f) for the hydraulically smooth zone of turbulent 
flow was developed by Blasius, according to [10] the formula is: 
 
5
1/ 4
0.3164     for Re 10
Re DD
f = ≤         (5.2.6) 
 
Using equation (5.2.6) the difference in the pressure gradient is: 
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Where, x3 lies at a distance of 484 mm from the start of the inlet section, and x2 lies at a 
distance of 630 mm down stream of the inlet section in the CFD solution domain. 
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Figure 50 Difference of CFD’s straight line dp/dx to Blasius law’s straight line dp/dx 
 
Figure 50 shows the CFD’s pressure gradient did not correspond to the pressure gradient of 
Blasius obtained in [10]. It should however be remembered that the correlation of Blasius is 
an approximate empirical correlation. Furthermore, the hydraulic gradient for the same 
Reynolds number seemed to vary depending on the type of inlet section. This is against 
expectation since the hydraulic gradient should be identical. The author believes the 
difference is due to hydrodynamic flow development effects, because the pressure gradient is 
still varies over the hydrodynamic flow development length. The turbulence model also has 
an effect on the hydraulic gradient. 
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Streamlines (also called particle tracks) were made for the different inlet sections at different 
Reynolds numbers using the flow field results of the CFD simulations. These streamlines are 
shown in Table 14. 
 
Table 14 Streamline plots of inlet sections with turbulent flow 
Reynolds 
number in 
tube 
Sudden contracting inlet 
section 
Rounded inlet section 
with curvature radius to 
diameter ratio of 9.5/18 
Rounded inlet section 
with curvature radius to 
diameter ratio of 19/18 
10×103 
15×103 
20×103 
 
Table 14 shows the streamline plot for the three inlet sections at three different Reynolds 
numbers. It showed that the stream lines for the sudden contracting inlet section separated 
from the wall to form a vena contracta in the straight tube section, while the rounded inlet 
sections showed no visible sign of a vena contracta. 
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6 Interpretation of results 
6.1 Interpretation of control volume analysis results 
6.1.1 Laminar flow results 
For the laminar flow scenario the pressure loss attributable to the tubular inlet section was in 
the range 0.6 to 9 Pa, depending on the Reynolds number. This is due to the low density and 
low viscosity of the saturated water vapour at a temperature of 52ºC. Therefore the influence 
of the tubular inlet section’s pressure loss in the laminar flow regime on the saturation 
temperature of the water vapour is small. 
6.1.2 Turbulent flow results 
For the turbulent flow scenario the pressure losses and saturation temperature changes were of 
greater significance than those of laminar flow. The most significant pressure losses were 
those of the protruding entrance and the sudden contraction. The pressure losses were the least 
for the conical and well rounded inlets. 
6.2 Interpretation of computational fluid dynamics analysis results 
6.2.1 Laminar flow results 
The laminar flow CFD results correlates closely with the pressure loss prediction formula of 
literature source [5]. 
 
The CFD results showed that there was little difference between the pressure loss coefficients 
of the sudden contracting and rounded inlet sections. This is due to the dominant influence of 
viscosity on the flow field. Viscous effects dampen the transverse velocity components in the 
flow field and thereby reduce the extent of flow contraction occurring just after the sudden 
contracting inlet section. Furthermore, the dominant pressure loss mechanism in the laminar 
flow simulations was the hydrodynamic flow development. With the hydrodynamic flow 
development the velocity profile in the tube section changes from a uniform shaped velocity 
profile to a pointed parabolic shaped velocity profile. The flow energy is consumed in this 
momentum exchange between the fluid layers during the flow development. 
6.2.2 Turbulent flow results 
For the turbulent flow regimes the pressure losses were of greater significance than those of 
laminar flow. The sudden contraction inlet section had a higher pressure loss coefficient than 
the rounded inlets. The two rounded inlets had almost identical pressure loss coefficients, but 
the inlet with the greater rounding radius had a fractionally lower pressure loss coefficient. 
6.3 Expected impact of results 
When a flow passage is sensitive to pressure losses as is the case with a low temperature 
differential vapour condenser; then it would be beneficial to minimize flow losses.  
 
Flow losses can be minimized primarily by minimizing the flow velocity and secondly by 
using carefully contoured flow transitional sections. Minimization of the flow velocity implies 
an increased physical size of the flow passage. A compromise however would have to be 
made between the pressure loss (operating cost) and the size (initial capital cost) of the flow 
passage. 
The results indicated that rounded tubular inlet sections would be of limited value in the 
laminar flow regime, it would however be beneficial in the turbulent flow regime. 
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7 Conclusion 
7.1 Summary of contributions 
The pressure loss for tubular inlet sections were investigated using existing pressure loss 
coefficients found in literature and by using computational fluid mechanics. 
 
In the laminar flow simulations it was found that there was a small difference between the 
total pressure loss coefficient of a sudden contracting inlet section and the rounded inlet 
sections investigated in this study. The small difference is due to the dominance of viscous 
forces in the laminar flow regime causing the flow energy to be dissipated into hydrodynamic 
flow development. With the hydrodynamic flow development the velocity profile changes 
from a uniform (plug) shaped velocity profile to a parabolic shaped velocity profile. For the 
sudden contraction the effect of the flow contraction (vena contracta) was less significant due 
to the damping effect of the viscosity on the transverse velocity components. 
 
For the turbulent flow simulations it was found that there was a substantial difference between 
the pressure losses of rounded (or contoured) to that of a sudden contracting inlet section. The 
success of rounded or contoured inlet sections in minimizing pressure loss in the turbulent 
flow regime lies in the fact that the inlet geometry minimizes the transverse velocity 
components of the flow stream, thus reducing the extent of flow contraction. 
 
An improved theoretical pressure loss prediction method based on the effective flow area has 
been suggested by the author. This specific method was not explicitly found in literature as to 
the extent being shown in this research. 
 
7.2 Recommendations for future work 
• To further investigate the geometries with CFD, by building three dimensional 
models. The highly curved complex shape of the inlet sections may however cause 
meshing difficulties to arise; this complication can however be resolved. Also the 
computational cost of a three dimensional model simulation would be significantly 
higher compared to the two dimensional model of this study. 
• An experimental verification of the CFD simulation results can be done. However, 
when theoretical computer simulations can be made instead of model testing, this is 
usually the least-expensive avenue of approach and should be thoroughly explored 
before embarking on a long, expensive model-testing program [10]. The reader can 
refer to Appendix D in which some of the experimental pressure loss determination 
techniques are discussed. 
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